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1979 : frustrations to describe the QCD phase transition

Two seminal papers appear in preprint form in 1979: Mike is on both

After reading Mike’s string tension result I knew what to do    

How on earth can I do a lattice simulation in Hungary in 1979?  

the iPhone today would beat the R40 russian “supercomputer”  Hungary had
(with 1 MB disk storage for research institute where I worked at that time)
broke down every few hours, served several hundred researchers

http://www.sciencedirect.com/science/journal/03702693
http://www.sciencedirect.com/science/journal/03702693
http://www.sciencedirect.com/science/journal/03702693/95/1
http://www.sciencedirect.com/science/journal/03702693/95/1


Early 1980: Hungarian National Academy buys and IBM 3030 computer (like a VAX 780)

U.S. Congress sets condition: no atomic or nuclear research on the machine and particle 
physics is nuclear

Dubna-CERN deep-inelastic muon experiment with strong group from Hungary
They cannot use the badly needed computer either - experiment is East-West poster child
Van Hove (DG of CERN) comes to Hungary to convince Academy and IBM office to ask for 
US congressional exception for the experiment

remaining condition: IBM rep will check computer output every night

There we go “doing the muon experiment” and outputting in the lattice Monte Carlo some 
phony lines: “now we are calculating muon scattering at 5 degrees …”

trouble: IBM reps notices that this angle was already calculated (oh my, the real 
experimental group had real scattering at real angles printed the previous night)

We find the phase transition before I board the plane for Madison, Wisconsin (ICHEP 1980)

Roman Jackiw gives me 10 minutes to talk in the session and Mike lists the result in the 
crowded room of his talk as part of the first QCD applications emerging
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MONTE CARLO STUDY OF SU(2) GAUGE THEORY AT FINITE TEMPERATURE 

J. KUTI, J. POLONYI and K. SZLACH~,NYI 
Central Research Institute for Physics, H-1525 Budapest, Hungary 

Received 9 September 1980 

We find numerical evidence for the phase transition between the confinement phase and free Coulomb phase of SU(2) 
Yang-Mills theory with lattice cut-off. The search for the critical temperature is based on a Monte Carlo study of the string 
tension between a heavy Q(bpair in a heat bath. The arbitrary normalization 0.2 GeV 2 is used for the string tension at zero 
temperature when a smooth extrapolation of the lattice theory to the continuum limit is carried out. Our numerical estimate 
for the critical temperature is T c ~ 160 -+ 30 MeV in the absence of quark degrees of freedom. It is suggested that the phase 
transition is of second-order. 

A few weeks ago we announced [ 1 ] the first nu- 
merical evidence for the existence of  a phase transi- 
tion between the confinement phase and free Coulomb 
phase of  the SU(2) Yang-Mills theory with lattice 
cut-off. 

There has been a long-standing conjecture that a 
phase transition must take place between the high 
temperature and low temperature phases o f  a non- 
abelian gauge field theory [2]. Polyakov [3] and 
Susskind [4] gave convincing arguments for the pres- 
ence of  this phase transition in the strong coupling 
limit of  the lattice model. 

Our Monte Carlo calculation confirms the existence 
of  a phase transition between confined and liberated 
phases in the strong coupling limit of  SU(2) lattice 
gauge theory. Besides, we find the two phases and the 
critical point in the region of  intermediate coupling 
where a smooth extrapolation of  the lattice model to 
its continuum limit exists. 

It did not escape our attention that the results 
presented here may be useful for the early universe, for 
quark matter search in heavy ion collisions, and for 
a broader view and better understanding of  the con- 
finement problem in quantum chromodynamics. It 
is remarkable that an environment can be simulated 
in the computer which corresponds ~o thermal quark 
liberation at a temperature of  a few hundred MeV. 

The physical properties of  a quantum field theory 

at finite temperature can be calculated in terms of  the 
partition function, 

Z = Tr [exp(-/3H)],  (1) 

and the thermal averages of  physical observables, 

(O) = Z - 1  Tr[O exp ( - fH) ]  , (2) 

where/3 = 1/T is the inverse temperature with k B = 1. 
The partition function of  the SU(2) gauge theory 

in the absence of  quarks may be written as a euclidean 
path integral 

ex, f 1 . 
o 

(3) 
over periodic gauge fields, 

Av(/3, x)  = A , (0 ,  x ) ,  (4) 

with period/3 in the fictive imaginary time direction. 
The standard notation A = A a.. oa/2  is used through- 
out the paper. The index a runs from 1 to 3 in SU(2) 
and o a denotes the standard Pauli matrices. The trace 
tr operates on SU(2) matrices. 

In order to study the string tension in a heat bath 
we have to introduce an external color source Q at 
location R and a color sink 0 at the origin. The free 
energy V(fl, R) of  this heavy QQ-pair is related to the 
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Fig. 2. (a) The correlation function with exponential decay at 
g2 = 2 determines the tension o(#) in the conf'mement phase 
at fl = 4a near the critical point. R is given in lattice spacing 
units. (b) The correlation function is shown at the same tem- 
perature but for weaker coupling 4/g 2 = 2.3. The points fol- 
low the Debye screened Coulomb law with screening length 
~-l determined by the temperature and coupling. 

various temperatures. The interpretat ion of  these re- 
suits requires a smooth extrapolat ion to the continuum 
limit of  the theory. The scale is set on the lattice by 
the lattice A parameter in lattice spacing units as 

2 

A = lim a -  1 [70g2 (a)] - ~i / 27o exp [ -  1/270g 2 (a)] 
a-~0 (10) 

in the continuum limit. The coupling constant  g(a) is 
used throughout the Monte Carlo calculations. For  
SU(N) gauge groups the coefficients in eq. (10) are 70 
= ~N/161r 2 and 71 = ~(N/167r2) 2. 

The lattice A parameter is related to A MOM in the 
continuum limit theory by a recent calculation of  
Hasenfratz and Hasenfratz [9].  Creutz calculated in 
his Monte Carlo program the tension at zero tempera- 
ture in terms of  the A parameter in the SU(2) gauge 
theory. He finds [10] : 

A = (1.3 + 0.2) X 10 - 2  o I / 2 ( 0 ) .  (11) 

The arbitrary normalization 0.2 GeV 2 is used for 
the string tension at zero temperature in our numeri- 
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Fig. 3. Our Monte Carlo points for the critical temperature 
follow the renormalization group relation (solid line) in the 
intermediate coupling region. Points for the critical coupling 
are given at ~ = a, 2a, 3a, 4a, 5a, 6a, 7a, 8a, 9a, 10a. 

cal estimate of  the critical point  in the continuum 
limit. This would correspond to A MOM= 330 MeV in 
the continuum SU(2) gauge theory [9].  

Our calculated Monte Carlo points in fig. 3 follow 
the renormalization group relation 

Tca = const" [g2(a)]-51/121 12 2 2 e x p [ - ~ r r  /g (a)] (12) 

for 4/g 2/> 2. The otherwise arbitrary constant  in eq. 
(12) is determined by  the Monte Carlo points. The 
best estimate of  the critical temperature with the 
presented extrapolat ion to the continuum limit is 

T e = (0.35 -+ 0.05) o(0)  l / z ,  

or T e = 160 + 30 MeV. (13) 

The error bar on the critical point  in eq. (13) is two- 
fold. There is a statistical error in Creutz's relation of  
eq. (11). Our statistical inaccuracy is represented in 
fig. 3 by the horizontal error bars of  the critical cou- 
pling for a given value of  Ta. 

There are finite temperature corrections to the rela- 
tion between the lattice spacing a and coupling constant 
g which we calculated in Coulomb gauge on the one- 
loop level. These corrections are small for 4/g 2 > 2 
where T c ~ a -  1. 

202 

Volume 98B, number 3 PHYSICS LETTERS 8 January 1981 

[CORRELATION /~. 4o 
0.08~ ~ FUNCTION Z.#gL 2 

/ [ ns:8 
OO6L \ • hot start 

" / \ ocoldstart 

i °,°'t 00[ " 

L i i t R t 
1 2 3 4 

(b) 

0.4 

03 r r  

0.2 

v Q1 

CORRELATION ,~-40 
. FUNCTION 4/g'- 22. 

Debye screened Coulomb 
IQW 

R 

Fig. 2. (a) The correlation function with exponential decay at 
g2 = 2 determines the tension o(#) in the conf'mement phase 
at fl = 4a near the critical point. R is given in lattice spacing 
units. (b) The correlation function is shown at the same tem- 
perature but for weaker coupling 4/g 2 = 2.3. The points fol- 
low the Debye screened Coulomb law with screening length 
~-l determined by the temperature and coupling. 

various temperatures. The interpretat ion of  these re- 
suits requires a smooth extrapolat ion to the continuum 
limit of  the theory. The scale is set on the lattice by 
the lattice A parameter in lattice spacing units as 

2 

A = lim a -  1 [70g2 (a)] - ~i / 27o exp [ -  1/270g 2 (a)] 
a-~0 (10) 

in the continuum limit. The coupling constant  g(a) is 
used throughout the Monte Carlo calculations. For  
SU(N) gauge groups the coefficients in eq. (10) are 70 
= ~N/161r 2 and 71 = ~(N/167r2) 2. 

The lattice A parameter is related to A MOM in the 
continuum limit theory by a recent calculation of  
Hasenfratz and Hasenfratz [9].  Creutz calculated in 
his Monte Carlo program the tension at zero tempera- 
ture in terms of  the A parameter in the SU(2) gauge 
theory. He finds [10] : 

A = (1.3 + 0.2) X 10 - 2  o I / 2 ( 0 ) .  (11) 

The arbitrary normalization 0.2 GeV 2 is used for 
the string tension at zero temperature in our numeri- 

i 

orc 
" " - . .  

"...... X.\ 
• tngt 

CO ~(-J J expt-37~-)~ ~ 

4/g" 
I() ' ' , I . . . .  I . . . .  t 

1 2 3 

Fig. 3. Our Monte Carlo points for the critical temperature 
follow the renormalization group relation (solid line) in the 
intermediate coupling region. Points for the critical coupling 
are given at ~ = a, 2a, 3a, 4a, 5a, 6a, 7a, 8a, 9a, 10a. 

cal estimate of  the critical point  in the continuum 
limit. This would correspond to A MOM= 330 MeV in 
the continuum SU(2) gauge theory [9].  

Our calculated Monte Carlo points in fig. 3 follow 
the renormalization group relation 

Tca = const" [g2(a)]-51/121 12 2 2 e x p [ - ~ r r  /g (a)] (12) 

for 4/g 2/> 2. The otherwise arbitrary constant  in eq. 
(12) is determined by  the Monte Carlo points. The 
best estimate of  the critical temperature with the 
presented extrapolat ion to the continuum limit is 

T e = (0.35 -+ 0.05) o(0)  l / z ,  

or T e = 160 + 30 MeV. (13) 

The error bar on the critical point  in eq. (13) is two- 
fold. There is a statistical error in Creutz's relation of  
eq. (11). Our statistical inaccuracy is represented in 
fig. 3 by the horizontal error bars of  the critical cou- 
pling for a given value of  Ta. 

There are finite temperature corrections to the rela- 
tion between the lattice spacing a and coupling constant 
g which we calculated in Coulomb gauge on the one- 
loop level. These corrections are small for 4/g 2 > 2 
where T c ~ a -  1. 

202 

Thank you Mike for showing the way and fueling the excitement!

important scale setting
Hasenfratz2



Lattice Higgs Collaboration  (LatHC)  

     Zoltan Fodor, Kieran Holland, Santanu Mondal, Daniel Nogradi, Chik Him Wong

onto the Higgs  
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voices:  a light Higgs-like scalar was found, consistent 
with SM within errors, and composite states have not 
been seen below 1 TeV. Strongly coupled BSM gauge 
theories are Higgs-less with resonances below 1 TeV

facts: Compositeness has not been shown to be 
incompatible with the light Higgs scalar; earlier 
search for compositeness was based on naively 
scaled up QCD and unacceptable old technicolor 
guessing games. Resonances, out of first LHC run 
reach, are in the 2-3 TeV range in the theory I will 
discuss

lattice BSM plans:  LHC14 run will search for new 
physics from compositeness and SUSY, and the lattice 
BSM community is preparing quantitative lattice 
based predictions to be ruled in or ruled out. 

Rational for lattice BSM?



There is no doubt that the SM is incomplete since we cannot even account for a number
of basic observations:

• Neutrino physics: Only recently it has been possible to have some definite an-
swers about properties of neutrinos. We now know that they have a tiny mass,
which can be naturally accommodated in extensions of the SM, featuring for ex-
ample a see-saw mechanism. We do not yet know if the neutrinos have a Dirac
or a Majorana nature.

• Origin of bright and dark mass: Leptons, quarks and the gauge bosons medi-
ating the weak interactions possess a rest mass. Within the SM this mass can be
accounted for by the Higgs mechanism, which constitutes the electroweak sym-
metry breaking sector of the SM. However, the associated Higgs particle has not
yet been discovered. Besides, the SM cannot account for the observed large frac-
tion of dark mass of the universe. What is interesting is that in the universe the
dark matter is about five times more abundant than the known baryonic matter,
i.e. bright matter. We do not know why the ratio of dark to bright matter is of
order unity.

• Matter-antimatter asymmetry: From our everyday experience we know that
there is very little bright antimatter in the universe. The SM fails to predict the
observed excess of matter.

These arguments do not imply that the SM is necessarily incorrect, but it must be
extended to answer any of the questions raised above. The truth is that we do not have
an answer to the basic question: What lies beneath the SM?

A number of possible generalizations have been conceived (see [2, 3, 4, 5, 6, 7] for
reviews). Such extensions are introduced on the base of one or more guiding principles
or prejudices. Two technical reviews are [8, 9].

In the models we will consider here the electroweak symmetry breaks via a fermion
bilinear condensate. The Higgs sector of the SM becomes an e�ective description of a
more fundamental fermionic theory. This is similar to the Ginzburg-Landau theory of
superconductivity. If the force underlying the fermion condensate driving electroweak
symmetry breaking is due to a strongly interacting gauge theory these models are
termed Technicolor (TC).

TC, in brief, is an additional non-abelian and strongly interacting gauge theory
augmented with (techni)fermions transforming under a given representation of the
gauge group. The Higgs Lagrangian is replaced by a suitable new fermion sector
interacting strongly via a new gauge interaction (technicolor). Schematically:

LHiggs ⇤ �
1
4

Fµ⇤Fµ⇤ + iQ̄�µDµQ + . . . , (1.14)

where, to be as general as possible, we have left unspecified the underlying nonabelian
gauge group and the associated technifermion (Q) representation. The dots represent
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quarks and leptons without introducing Flavor Changing Neutral Currents (FCNC)s
at the tree level. The Higgs sector of the SM possesses, when the gauge couplings are
switched o�, an SU(2)L ⇤ SU(2)R symmetry. The full symmetry group can be made
explicit when re-writing the Higgs doublet field

H =
1⌦
2

⇤
⇤2 + i⇤1
⌅ � i⇤3

⌅
(1.1)

as the right column of the following two by two matrix:

1⌦
2

�
⌅ + i⌦⇧ · ⌦⇤⇥ ⇧M . (1.2)

The first column can be identified with the column vector i⇧2H⌅ while the second with
H. ⇧2 is the second Pauli matrix. The SU(2)L⇤SU(2)R group acts linearly on M according
to:

M⌃ gLMg†R and gL/R � SU(2)L/R . (1.3)

One can verify that:

M
�
1 � ⇧3⇥

2
= (0 , H) . M

�
1 + ⇧3⇥

2
= (i ⇧2H⌅ , 0) . (1.4)

The SU(2)L symmetry is gauged by introducing the weak gauge bosons Wa with a =
1, 2, 3. The hypercharge generator is taken to be the third generator of SU(2)R. The
ordinary covariant derivative acting on the Higgs, in the present notation, is:

DµM =  µM � i g WµM + i g⌥M Bµ , with Wµ =Wa
µ
⇧a

2
, Bµ = Bµ

⇧3

2
. (1.5)

The Higgs Lagrangian is

L =
1
2

Tr
⇧
DµM†DµM

⌃
�

m2
M

2
Tr
⇧
M†M

⌃
� �

4
Tr
⇧
M†M

⌃2
. (1.6)

At this point one assumes that the mass squared of the Higgs field is negative and this
leads to the electroweak symmetry breaking. Except for the Higgs mass term the other
SM operators have dimensionless couplings meaning that the natural scale for the SM
is encoded in the Higgs mass1. We recall that the Higgs Lagrangian has a familiar
form since it is identical to the linear ⌅ Lagrangian which was introduced long ago to
describe chiral symmetry breaking in QCD with two light flavors.

1The mass of the proton is due mainly to strong interactions, however its value cannot be determined
within QCD since the associated renormalization group invariant scale must be fixed to an hadronic
observable.
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µ
⇧a

2
, Bµ = Bµ

⇧3

2
. (1.5)

The Higgs Lagrangian is

L =
1
2

Tr
⇧
DµM†DµM

⌃
�

m2
M

2
Tr
⇧
M†M

⌃
� �

4
Tr
⇧
M†M

⌃2
. (1.6)

At this point one assumes that the mass squared of the Higgs field is negative and this
leads to the electroweak symmetry breaking. Except for the Higgs mass term the other
SM operators have dimensionless couplings meaning that the natural scale for the SM
is encoded in the Higgs mass1. We recall that the Higgs Lagrangian has a familiar
form since it is identical to the linear ⌅ Lagrangian which was introduced long ago to
describe chiral symmetry breaking in QCD with two light flavors.

1The mass of the proton is due mainly to strong interactions, however its value cannot be determined
within QCD since the associated renormalization group invariant scale must be fixed to an hadronic
observable.
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Figure 1: The conformal window for SU(N) gauge theories with Nf techniquarks in various representations,

from [3]. The shaded regions are the windows, for fundamental (gray), 2-index antisymmetric (blue), 2-index

symmetric (red) and adjoint (green) representations.

1. Introduction

The LHC will probe the mechanism of electroweak symmetry breaking. A very attractive

alternative to the standard Higgs mechanism, with fundamental scalars, involves new strongly-

interacting gauge theories, known as technicolor [1, 2]. Such models avoid difficulties of theories

with scalars, such as triviality and fine-tuning. Chiral symmetry must be spontaneously broken in

a technicolor theory, to provide the technipions which generate the W± and Z masses and break

electroweak symmetry. Although this duplication of QCD is appealing, precise electroweak mea-

surements have made it difficult to find a viable candidate theory. It is also necessary to enlarge the

theory (extended technicolor) to generate quark masses, without generating large flavor-changing

neutral currents, which is challenging.

Technicolor theories have lately enjoyed a resurgence, due to the exploration of various tech-

niquark representations [3]. Feasible candidates have fewer new flavors, reducing tension with

electroweak constraints. If a theory is almost conformal, it is possible this generates additional

energy scales, which could help in building the extended technicolor sector. There are estimates

of which theories are conformal for various representations, shown in Fig. 1. For SU(N) gauge

theory, if the number of techniquark flavors is less than some critical number, conformal and chiral

symmetries are broken and the theory is QCD-like. For future model-building, it is crucial to go be-

yond these estimates and determine precisely where the conformal windows are. There have been

a number of recent lattice simulations of technicolor theories, attempting to locate the conformal

windows for various representations [4, 5, 6, 7, 8].
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The connection between the eigenvalues ! of the Dirac operator and chiral symmetry breaking
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light Higgs near conformality (dilaton-like?)

mσ

fσ
→ ?

It is easy to derive, like for example in [70], the dilaton ma-
trix element of the energy-momentum tensor trace using some
particular definition of the subtraction scheme,

⇧⌃(p = 0)|
⌃
⇥
µ
µ(0)
⌥

NP
|0⌃ ⌅ 4

f⌃
⇧0|
⌃
⇥
µ
µ(0)
⌥

NP
|0⌃ . (9)

When combined with Eq. (6), the partially conserved dilatation
current (PCDC) relation is obtained,

m2
⌃ ⌅ �

4
f 2
⌃

⇧0|
⌃
⇥
µ
µ(0)
⌥

NP
|0⌃ . (10)

Predictions for m⌃ close to the conformal window depend on
the behavior of f⌃ and the gluon condensate

⌃
Ga
µ⌅Gaµ⌅

⌥
NP

of
Eq. (7). There are two di↵erent expectations about the limit
of the gluon condensate to f⌃ ratio when the conformal win-
dow is approached. In one interpretation, the right-hand side of
Eq. (10) is predicted to approach zero in the limit, so that the
dilaton mass m2

⌃ ⌅ (Nc
f � Nf ) · ⇤2 would parametrically van-

ish when the conformal limit is reached. The ⇤ scale is defined
where the running coupling becomes strong to trigger ⌥SB. The
formal parameter Nc

f � Nf with the non-physical (fractional)
critical number of fermions vanishes when the conformal phase
is reached [70]. In an alternate interpretation the right-hand
side ratio of Eq. (10) remains finite in the limit and a residual
dilaton mass is expected when scaled with f⌃ ⌅ ⇤ [73, 74].

It is important to note that there is no guarantee, even with
a very small ⇥-function near the conformal window, for the re-
alization of a light enough dilaton to act as the new Higgs-like
particle. Realistic BSM models have not been built with para-
metric tuning close to the conformal window. For example, the
sextet model is at some intrinsically determined position near
the conformal window and only non-perturbative lattice calcu-
lations can explore the physical properties of the scalar particle.

6.3. The non-perturbative gluon condensate on the lattice
The lattice determination of the non-perturbative gluon con-

densate can help to understand the consequences of the PCDC
relation. Power divergences are severe in the calculation of the
lattice gluon condensate, because the operator �Ga

µ⌅Gaµ⌅ has
quartic divergences. The gluon condensate is computed on the
lattice from the expectation value of the plaquette operator UP.
On the tree level we have the relation

lima⇤0

�
1
a4 ⇧1 �

1
3

tr UP⌃
⇥
=
⇧2

36
⇧�
⇧

GG⌃lattice (11)

as the continuum limit is approached in the limit of vanishing
bare lattice coupling g0. At finite lattice coupling we have the
sum of a perturbative series in g0 and the non-perturbative gluon
condensate,

⇤
1� 1

3
tr UP

⌅
=
⇧

n

cn ·g2n
0 +a4 ⇧

2

36

�
b0

⇥(g0)

⇥ ⇤�
⇧

GG
⌅

lattice
+ O(a6) ,

(12)
where b0 is the leading ⇥-function coe�cient. There is no
gauge-invariant operator of dimension 2 and therefore the or-
der a2 term is missing in Eq. (12). For small lattice spacing a,

the perturbative series is much larger than the non-perturbative
gluon condensate, and its determination requires the subtraction
of the perturbative series from the high accuracy Monte Carlo
data of the plaquette. The cn expansion coe�cents can be deter-
mined to high order using stochastic perturbation theory [96].
This procedure requires the investigation of Borel summation
of the high order terms in the perturbative expansion since the
coe�cients cn are expected to diverge in factorial order and
one has to deal with the well-known renormalon issues. The
methodology has been extensively studied in pure Yang-Mills
theory on the lattice [97].

It will be very important to undertake similar investigations
of the non-perturbative gluon condensate in the sextet model
with full fermion dynamics. We hope to return to this problem
in the near future.

Summary and outlook

We have shown that the chiral condensate and the mass spec-
trum of the sextet model are consistent with chiral symmetry
breaking in the limit of vanishing fermion mass. In contrast,
sextet fermion mass deformations of spectral properties are not
consistent with leading conformal scaling behavior near the
critical surface of a conformal theory. Our new results are rec-
onciled with recent findings of the sextet ⇥-function [3], if the
model is close to the conformal window with a very small non-
vanishing ⇥-function. This leaves open the possibility of a light
scalar state with quantum numbers of the Higgs impostor. The
light Higgs-like state could emerge as the pseudo-Goldstone
dilaton from spontaneous symmetry breaking of scale invari-
ance. Even without association with the dilaton, the scalar
Higgs-like state can be light if the sextet gauge model is very
close to the conformal window. A new Higgs project of sex-
tet lattice simulations was outlined to resolve these important
questions. Plans include the determination of the S parameter
and the sextet confining force with results on the string tension
already reported, strongly favoring the ⌥SB hypothesis [98].
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Partially Conserved Dilatation Current (PCDC)

Will gradient flow based technology make the argument  less slippery?
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Figure 8: The linear fit is shown to the mass of the 0++ f0 meson from the
connected part of correlator I in Table 1 of [89]. For comparison, the scPion
which is the parity partner of the f0 meson in the correlator is replotted with
its fit from Figure 4 (magenta color). In the continuum limit, the mass of the
non-Goldstone scPion will vanish and the f0 state could become light close to
the conformal window. The disconnected part of the correlator is required to
resolve this issue.

fermion-line disconnected contributions from the hairpin dia-
grams. To evaluate disconnected quark loops with zero mo-
mentum, we need to sum over propagators from sources at each
spatial location for a given time slice. To avoid the very costly
O(V) inversions to compute all-to-all propagators in lattice ter-
minology, random sources have to be used with noise reduction.

A very interesting further challenge and complication is the
existence of two types of distinct 0++ scalar mesons. One of
them is the composite fermion state and the other is the scalar
glueball with the same quantum number. In dynamical sex-
tet simulations, these two types of state will mix with an ob-
servable spectrum of scalar mesons which will require a well-
chosen variational operator set to disentangle the scalar state.
This further underlines the room left for a light scalar state to
emerge in the spectrum. It is also entirely possible that careful
lattice calculations will shut down the Higgs interpretation.

Staggered fermions present an additional complication from
the contribution of pairs of pseudoscalar meson taste channels
contributing to the scalar meson correlator. To be a physical
state, the scalar meson f0 has to be taste singlet. Taste selection
rules then require that the f0 meson couples only to pairs of
pseudoscalar mesons of the same taste. We have shown earlier
in Section 4 that the pion taste multiplet splits into the Gold-
stone state and a variety of higher-lying non-Goldstone states,
all degenerate with vanishing mass in the continuum limit. In
the continuum limit only the taste singlet states (physical states)
are expected to have the correct masses from the U(1) axial
anomaly which is itself a taste singlet. The other non-singlet
states remain light and create complicated threshold e⇥ects.
This complication is present in the f0 correlator masked by the
physical two-pion intermediate state [95].

6.2. The Higgs particle and the dilaton

If the sextet model is very close to the conformal window
with a small but nonvanishing ⇥-function, a necessary condition

is satisfied for spontaneous breaking of scale invariance gen-
erating the light pseudo-Goldstone dilaton state. The model,
as we argued earlier, is also consistent with chiral symmetry
breaking (⌃SB) with the minimal Goldstone pion spectrum re-
quired for electroweak symmetry breaking and the Higgs mech-
anism. The very small beta function (walking) and ⌃SB are not
su⇤cient to guarantee a light dilaton state if scale symmetry
breaking and ⌃SB are entangled in a complicated way. How-
ever, a light Higgs-like scalar could emerge near the confor-
mal window as a composite state, not necessarily with dilaton
interpretation. To understand the important role of the non-
perturbative gluon condensate in the partially conserved dilata-
tion current (PCDC) relation and its related dilaton implica-
tions, lattice simulations of the non-perturbative gluon conden-
sate will be needed near the conformal window.

For discussion of the PCDC relation constraining the proper-
ties of the dilaton, we will closely follow the standard argument
like in [70, 73, 74]. We will also show how non-perturbative lat-
tice methods can explore the implications of the PCDC relation
when applied to the sextet model.

In strongly interacting gauge theories, like the sextet model
under consideration, a dilatation current Dµ = �µ⌅x⌅ can be
defined from the symmetric energy-momentum tensor �µ⌅. Al-
though the massless theory is scale invariant on the classical
level, from the scale anomaly the dilatation current has a non-
vanishing divergence,

 µDµ = �µµ =
⇥(�)
4�

Ga
µ⌅G

aµ⌅ . (4)

Although �(µ) and Ga
µ⌅Gaµ⌅ depend on the renormalization

scale µ, the trace of the energy-momentum tensor is scheme in-
dependent after renormalization. In the sextet model, the mass-
less fermions are in the two-index symmetric representation of
the SU(3) color gauge group. The gluon fields are in the adjoint
representation with Ga

µ⌅, a = 1, 2, ...8. We will assume that the
perturbative parts of the composite gauge operator Ga

µ⌅Gaµ⌅ and
�
µ
µ are removed in Eq. (4) and only the non-perturbative (NP)

infrared part will be considered in what follows.
The dilaton coupling f⇧ is defined by the matrix element

⌅0|�µ⌅(x)|⇧(p)⇧ = f⇧
3

(pµp⌅ � gµ⌅p2)e�ipx (5)

with p2 = m2
⇧ for the on-shell dilaton state ⇧(p). From the

divergence of the dilatation current in Eq. (4) we get

⌅0| µDµ(x)|⇧(p)⇧ = f⇧m2
⇧e�ipx . (6)

The subtracted non-perturbative part of the energy-momentum
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is defined by removing the perturbative part of the gluon con-
densate in the vacuum,
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The lattice implementation of the subtraction procedure will be
briefly described after the derivation of the PCDC relation.
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fermion-line disconnected contributions from the hairpin dia-
grams. To evaluate disconnected quark loops with zero mo-
mentum, we need to sum over propagators from sources at each
spatial location for a given time slice. To avoid the very costly
O(V) inversions to compute all-to-all propagators in lattice ter-
minology, random sources have to be used with noise reduction.

A very interesting further challenge and complication is the
existence of two types of distinct 0++ scalar mesons. One of
them is the composite fermion state and the other is the scalar
glueball with the same quantum number. In dynamical sex-
tet simulations, these two types of state will mix with an ob-
servable spectrum of scalar mesons which will require a well-
chosen variational operator set to disentangle the scalar state.
This further underlines the room left for a light scalar state to
emerge in the spectrum. It is also entirely possible that careful
lattice calculations will shut down the Higgs interpretation.

Staggered fermions present an additional complication from
the contribution of pairs of pseudoscalar meson taste channels
contributing to the scalar meson correlator. To be a physical
state, the scalar meson f0 has to be taste singlet. Taste selection
rules then require that the f0 meson couples only to pairs of
pseudoscalar mesons of the same taste. We have shown earlier
in Section 4 that the pion taste multiplet splits into the Gold-
stone state and a variety of higher-lying non-Goldstone states,
all degenerate with vanishing mass in the continuum limit. In
the continuum limit only the taste singlet states (physical states)
are expected to have the correct masses from the U(1) axial
anomaly which is itself a taste singlet. The other non-singlet
states remain light and create complicated threshold e⇥ects.
This complication is present in the f0 correlator masked by the
physical two-pion intermediate state [95].

6.2. The Higgs particle and the dilaton

If the sextet model is very close to the conformal window
with a small but nonvanishing ⇥-function, a necessary condition

is satisfied for spontaneous breaking of scale invariance gen-
erating the light pseudo-Goldstone dilaton state. The model,
as we argued earlier, is also consistent with chiral symmetry
breaking (⌃SB) with the minimal Goldstone pion spectrum re-
quired for electroweak symmetry breaking and the Higgs mech-
anism. The very small beta function (walking) and ⌃SB are not
su⇤cient to guarantee a light dilaton state if scale symmetry
breaking and ⌃SB are entangled in a complicated way. How-
ever, a light Higgs-like scalar could emerge near the confor-
mal window as a composite state, not necessarily with dilaton
interpretation. To understand the important role of the non-
perturbative gluon condensate in the partially conserved dilata-
tion current (PCDC) relation and its related dilaton implica-
tions, lattice simulations of the non-perturbative gluon conden-
sate will be needed near the conformal window.

For discussion of the PCDC relation constraining the proper-
ties of the dilaton, we will closely follow the standard argument
like in [70, 73, 74]. We will also show how non-perturbative lat-
tice methods can explore the implications of the PCDC relation
when applied to the sextet model.

In strongly interacting gauge theories, like the sextet model
under consideration, a dilatation current Dµ = �µ⌅x⌅ can be
defined from the symmetric energy-momentum tensor �µ⌅. Al-
though the massless theory is scale invariant on the classical
level, from the scale anomaly the dilatation current has a non-
vanishing divergence,
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Although �(µ) and Ga
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scale µ, the trace of the energy-momentum tensor is scheme in-
dependent after renormalization. In the sextet model, the mass-
less fermions are in the two-index symmetric representation of
the SU(3) color gauge group. The gluon fields are in the adjoint
representation with Ga

µ⌅, a = 1, 2, ...8. We will assume that the
perturbative parts of the composite gauge operator Ga

µ⌅Gaµ⌅ and
�
µ
µ are removed in Eq. (4) and only the non-perturbative (NP)

infrared part will be considered in what follows.
The dilaton coupling f⇧ is defined by the matrix element

⌅0|�µ⌅(x)|⇧(p)⇧ = f⇧
3

(pµp⌅ � gµ⌅p2)e�ipx (5)

with p2 = m2
⇧ for the on-shell dilaton state ⇧(p). From the

divergence of the dilatation current in Eq. (4) we get

⌅0| µDµ(x)|⇧(p)⇧ = f⇧m2
⇧e�ipx . (6)

The subtracted non-perturbative part of the energy-momentum
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The lattice implementation of the subtraction procedure will be
briefly described after the derivation of the PCDC relation.
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fermion-line disconnected contributions from the hairpin dia-
grams. To evaluate disconnected quark loops with zero mo-
mentum, we need to sum over propagators from sources at each
spatial location for a given time slice. To avoid the very costly
O(V) inversions to compute all-to-all propagators in lattice ter-
minology, random sources have to be used with noise reduction.

A very interesting further challenge and complication is the
existence of two types of distinct 0++ scalar mesons. One of
them is the composite fermion state and the other is the scalar
glueball with the same quantum number. In dynamical sex-
tet simulations, these two types of state will mix with an ob-
servable spectrum of scalar mesons which will require a well-
chosen variational operator set to disentangle the scalar state.
This further underlines the room left for a light scalar state to
emerge in the spectrum. It is also entirely possible that careful
lattice calculations will shut down the Higgs interpretation.

Staggered fermions present an additional complication from
the contribution of pairs of pseudoscalar meson taste channels
contributing to the scalar meson correlator. To be a physical
state, the scalar meson f0 has to be taste singlet. Taste selection
rules then require that the f0 meson couples only to pairs of
pseudoscalar mesons of the same taste. We have shown earlier
in Section 4 that the pion taste multiplet splits into the Gold-
stone state and a variety of higher-lying non-Goldstone states,
all degenerate with vanishing mass in the continuum limit. In
the continuum limit only the taste singlet states (physical states)
are expected to have the correct masses from the U(1) axial
anomaly which is itself a taste singlet. The other non-singlet
states remain light and create complicated threshold e⇥ects.
This complication is present in the f0 correlator masked by the
physical two-pion intermediate state [95].

6.2. The Higgs particle and the dilaton

If the sextet model is very close to the conformal window
with a small but nonvanishing ⇥-function, a necessary condition

is satisfied for spontaneous breaking of scale invariance gen-
erating the light pseudo-Goldstone dilaton state. The model,
as we argued earlier, is also consistent with chiral symmetry
breaking (⌃SB) with the minimal Goldstone pion spectrum re-
quired for electroweak symmetry breaking and the Higgs mech-
anism. The very small beta function (walking) and ⌃SB are not
su⇤cient to guarantee a light dilaton state if scale symmetry
breaking and ⌃SB are entangled in a complicated way. How-
ever, a light Higgs-like scalar could emerge near the confor-
mal window as a composite state, not necessarily with dilaton
interpretation. To understand the important role of the non-
perturbative gluon condensate in the partially conserved dilata-
tion current (PCDC) relation and its related dilaton implica-
tions, lattice simulations of the non-perturbative gluon conden-
sate will be needed near the conformal window.

For discussion of the PCDC relation constraining the proper-
ties of the dilaton, we will closely follow the standard argument
like in [70, 73, 74]. We will also show how non-perturbative lat-
tice methods can explore the implications of the PCDC relation
when applied to the sextet model.

In strongly interacting gauge theories, like the sextet model
under consideration, a dilatation current Dµ = �µ⌅x⌅ can be
defined from the symmetric energy-momentum tensor �µ⌅. Al-
though the massless theory is scale invariant on the classical
level, from the scale anomaly the dilatation current has a non-
vanishing divergence,
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µ⌅, a = 1, 2, ...8. We will assume that the
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The dilaton coupling f⇧ is defined by the matrix element
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⇧ for the on-shell dilaton state ⇧(p). From the

divergence of the dilatation current in Eq. (4) we get
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The lattice implementation of the subtraction procedure will be
briefly described after the derivation of the PCDC relation.
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fermion-line disconnected contributions from the hairpin dia-
grams. To evaluate disconnected quark loops with zero mo-
mentum, we need to sum over propagators from sources at each
spatial location for a given time slice. To avoid the very costly
O(V) inversions to compute all-to-all propagators in lattice ter-
minology, random sources have to be used with noise reduction.

A very interesting further challenge and complication is the
existence of two types of distinct 0++ scalar mesons. One of
them is the composite fermion state and the other is the scalar
glueball with the same quantum number. In dynamical sex-
tet simulations, these two types of state will mix with an ob-
servable spectrum of scalar mesons which will require a well-
chosen variational operator set to disentangle the scalar state.
This further underlines the room left for a light scalar state to
emerge in the spectrum. It is also entirely possible that careful
lattice calculations will shut down the Higgs interpretation.

Staggered fermions present an additional complication from
the contribution of pairs of pseudoscalar meson taste channels
contributing to the scalar meson correlator. To be a physical
state, the scalar meson f0 has to be taste singlet. Taste selection
rules then require that the f0 meson couples only to pairs of
pseudoscalar mesons of the same taste. We have shown earlier
in Section 4 that the pion taste multiplet splits into the Gold-
stone state and a variety of higher-lying non-Goldstone states,
all degenerate with vanishing mass in the continuum limit. In
the continuum limit only the taste singlet states (physical states)
are expected to have the correct masses from the U(1) axial
anomaly which is itself a taste singlet. The other non-singlet
states remain light and create complicated threshold e⇥ects.
This complication is present in the f0 correlator masked by the
physical two-pion intermediate state [95].

6.2. The Higgs particle and the dilaton

If the sextet model is very close to the conformal window
with a small but nonvanishing ⇥-function, a necessary condition

is satisfied for spontaneous breaking of scale invariance gen-
erating the light pseudo-Goldstone dilaton state. The model,
as we argued earlier, is also consistent with chiral symmetry
breaking (⌃SB) with the minimal Goldstone pion spectrum re-
quired for electroweak symmetry breaking and the Higgs mech-
anism. The very small beta function (walking) and ⌃SB are not
su⇤cient to guarantee a light dilaton state if scale symmetry
breaking and ⌃SB are entangled in a complicated way. How-
ever, a light Higgs-like scalar could emerge near the confor-
mal window as a composite state, not necessarily with dilaton
interpretation. To understand the important role of the non-
perturbative gluon condensate in the partially conserved dilata-
tion current (PCDC) relation and its related dilaton implica-
tions, lattice simulations of the non-perturbative gluon conden-
sate will be needed near the conformal window.

For discussion of the PCDC relation constraining the proper-
ties of the dilaton, we will closely follow the standard argument
like in [70, 73, 74]. We will also show how non-perturbative lat-
tice methods can explore the implications of the PCDC relation
when applied to the sextet model.

In strongly interacting gauge theories, like the sextet model
under consideration, a dilatation current Dµ = �µ⌅x⌅ can be
defined from the symmetric energy-momentum tensor �µ⌅. Al-
though the massless theory is scale invariant on the classical
level, from the scale anomaly the dilatation current has a non-
vanishing divergence,
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Although �(µ) and Ga
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dependent after renormalization. In the sextet model, the mass-
less fermions are in the two-index symmetric representation of
the SU(3) color gauge group. The gluon fields are in the adjoint
representation with Ga

µ⌅, a = 1, 2, ...8. We will assume that the
perturbative parts of the composite gauge operator Ga
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infrared part will be considered in what follows.
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divergence of the dilatation current in Eq. (4) we get
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where F� is the TC pion decay constant and ⇥ scales like 1/
�

d(RTC) if the cuto⇥ is identified

with the technirho mass, or is a constant if the cuto⇥ is of the order of 4⇤F�. Provided rt is also

of order one, the dominant radiative correction is due to the top quark. For instance, if F� = v,

which is appropriate for a TC theory with one weak technidoublet, then �M2
H ⌅ �12⇥2r2

t m2
t ⌅

�⇥2r2
t (600 GeV)2. This demonstrates that the dynamical mass of the TC Higgs can be substantially

heavier than the physical mass, MH ⇧ 125 GeV.

III. THE DYNAMICAL MASS OF THE TC HIGGS

In QCD the lightest scalar is the ⌅meson (also termed f0(500) in PDG), with a measured mass

between 400 and 550 MeV [23] in agreement with early determinations [11]. Scaling up two-flavor

QCD yields a TC Higgs dynamical mass in the 1.0 TeV � M0
H � 1.4 TeV range. This estimate

changes when considering TC theories which are not an exact replica of two-flavor QCD. Here we

determine the geometric scaling of the TC Higgs dynamical mass, i.e. the value of M0
H as function of

the TC matter representation d(RTC), NTC and the number of techniflavors NTF for a given SU(NTC)

gauge theory. For a generalization to di⇥erent gauge groups see [24, 25]. We then discuss possible

e⇥ects of walking dynamics on M0
H, which are not automatically included in the geometric scaling.

Taking into account the SM induced radiative corrections discussed in Sec. II, we argue that TC can

accommodate a TC Higgs with a physical mass of 125 GeV, with or without e⇥ects from walking.

A. Geometric Scaling of the TC Higgs mass

We will consider at most two-index representations for TC matter, since at large NTC even

higher representations loose quickly asymptotic freedom [26]. The relevant scaling rules are:

F2
� ⌅ d(RTC) m2

TC , v2 = NTD F2
� , (5)

where F� is the technipion decay constant, mTC is the dynamically generated constituent techni-

quark mass, and NTD = N⇥TF/2, where N⇥TF is the actual number of techniflavors arranged in weak

doublets and therefore N⇥TF ⇤ NTF. v = 246 GeV is the electroweak vacuum expectation value and

will be kept fix in the following.

The squared mass of any large NTC leading technimeson scales like:

(M0
H)2 =

3
d(RTC)

1
NTD

v2

f 2
⇤

m2
⌅ . (6)

few hundred GeV Higgs impostor?

Foadi, Fransden, Sannino
open for spirited theory discussions 4

t

W Z

FIG. 1: Quadratically divergent diagrams contributing to the Higgs mass, with the interaction vertices

given by (2). The gauge boson exchanges are computed in Landau gauge: then the seagull diagrams,

with a single W and Z exchange, are the only quadratically divergent one-loop diagrams with gauge

boson exchanges.

by the breaking of the electroweak symmetry, U = exp
�
i⇤aTa/v

⇥
, with covariant derivative DµU ⇥

�µU � igWa
µTaU + ig⇧UBµT3, 2Ta are the Pauli matrices, with a = 1, 2, 3, and V[H] is the TC Higgs

potential. �S is the contribution to the S parameter from the physics at the cuto⇤ scale, and is

assumed to vanish in the M⌅ ⌅ ⌃ limit. The interactions contributing to the Higgs self-energy

are

LH ⇤
2 m2

W r⇤
v

H W+
µ W�µ +

m2
Z r⇤
v

H Zµ Zµ � mt rt

v
H t̄ t

+
m2

W s⇤
v2 H2 W+

µ W�µ +
m2

Z s⇤
2 v2 H2 Zµ Zµ . (2)

The tree-level SM is recovered for

r⇤ = s⇤ = rt = rb = 1 . (3)

We divide the radiative corrections to the TC Higgs mass into two classes: external contributions,

corresponding to loop corrections involving elementary SM fields, and TC contributions, corre-

sponding to loop corrections involving TC composites only. The latter contribute to the dynamical

mass M0
H, whose size will be estimated in the next section by non-perturbative analysis. In order

to isolate the SM contributions we work in Landau gauge. Here transversely polarized gauge

boson propagators correspond to elementary fields, and massless Goldstone boson propagators

correspond to TC composites. The only SM contributions to the TC Higgs mass which are quadrat-

ically divergent in the cuto⇤ come from the diagrams of Fig. 1. Retaining only the quadratically

divergent terms leads to a physical mass MH given by

M2
H = (M0

H)2 +
3(4⇤�F⇥)2

16⇤2v2

⇧
    ⌥�4r2

t m2
t + 2s⇤

⇤
����↵m2

W +
m2

Z
2

⌅
�����

⌃
⌦⌦⌦⌦� + �M2

H
(4⇤�F⇥) , (4)

where �M2
H

(4⇤�F⇥) is the scale-dependent counterterm and � is a order unity number. To be able

to provide a physical estimate we assume that the counterterm is negligible at the scale 4⇤�F⇥,
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light Higgs near conformality (dilaton-like?)
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It is easy to derive, like for example in [70], the dilaton ma-
trix element of the energy-momentum tensor trace using some
particular definition of the subtraction scheme,

⇧⌃(p = 0)|
⌃
⇥
µ
µ(0)
⌥

NP
|0⌃ ⌅ 4

f⌃
⇧0|
⌃
⇥
µ
µ(0)
⌥

NP
|0⌃ . (9)

When combined with Eq. (6), the partially conserved dilatation
current (PCDC) relation is obtained,

m2
⌃ ⌅ �

4
f 2
⌃

⇧0|
⌃
⇥
µ
µ(0)
⌥

NP
|0⌃ . (10)

Predictions for m⌃ close to the conformal window depend on
the behavior of f⌃ and the gluon condensate

⌃
Ga
µ⌅Gaµ⌅

⌥
NP

of
Eq. (7). There are two di↵erent expectations about the limit
of the gluon condensate to f⌃ ratio when the conformal win-
dow is approached. In one interpretation, the right-hand side of
Eq. (10) is predicted to approach zero in the limit, so that the
dilaton mass m2

⌃ ⌅ (Nc
f � Nf ) · ⇤2 would parametrically van-

ish when the conformal limit is reached. The ⇤ scale is defined
where the running coupling becomes strong to trigger ⌥SB. The
formal parameter Nc

f � Nf with the non-physical (fractional)
critical number of fermions vanishes when the conformal phase
is reached [70]. In an alternate interpretation the right-hand
side ratio of Eq. (10) remains finite in the limit and a residual
dilaton mass is expected when scaled with f⌃ ⌅ ⇤ [73, 74].

It is important to note that there is no guarantee, even with
a very small ⇥-function near the conformal window, for the re-
alization of a light enough dilaton to act as the new Higgs-like
particle. Realistic BSM models have not been built with para-
metric tuning close to the conformal window. For example, the
sextet model is at some intrinsically determined position near
the conformal window and only non-perturbative lattice calcu-
lations can explore the physical properties of the scalar particle.

6.3. The non-perturbative gluon condensate on the lattice
The lattice determination of the non-perturbative gluon con-

densate can help to understand the consequences of the PCDC
relation. Power divergences are severe in the calculation of the
lattice gluon condensate, because the operator �Ga

µ⌅Gaµ⌅ has
quartic divergences. The gluon condensate is computed on the
lattice from the expectation value of the plaquette operator UP.
On the tree level we have the relation

lima⇤0

�
1
a4 ⇧1 �

1
3

tr UP⌃
⇥
=
⇧2

36
⇧�
⇧

GG⌃lattice (11)

as the continuum limit is approached in the limit of vanishing
bare lattice coupling g0. At finite lattice coupling we have the
sum of a perturbative series in g0 and the non-perturbative gluon
condensate,

⇤
1� 1

3
tr UP

⌅
=
⇧

n

cn ·g2n
0 +a4 ⇧

2

36

�
b0

⇥(g0)

⇥ ⇤�
⇧

GG
⌅

lattice
+ O(a6) ,

(12)
where b0 is the leading ⇥-function coe�cient. There is no
gauge-invariant operator of dimension 2 and therefore the or-
der a2 term is missing in Eq. (12). For small lattice spacing a,

the perturbative series is much larger than the non-perturbative
gluon condensate, and its determination requires the subtraction
of the perturbative series from the high accuracy Monte Carlo
data of the plaquette. The cn expansion coe�cents can be deter-
mined to high order using stochastic perturbation theory [96].
This procedure requires the investigation of Borel summation
of the high order terms in the perturbative expansion since the
coe�cients cn are expected to diverge in factorial order and
one has to deal with the well-known renormalon issues. The
methodology has been extensively studied in pure Yang-Mills
theory on the lattice [97].

It will be very important to undertake similar investigations
of the non-perturbative gluon condensate in the sextet model
with full fermion dynamics. We hope to return to this problem
in the near future.

Summary and outlook

We have shown that the chiral condensate and the mass spec-
trum of the sextet model are consistent with chiral symmetry
breaking in the limit of vanishing fermion mass. In contrast,
sextet fermion mass deformations of spectral properties are not
consistent with leading conformal scaling behavior near the
critical surface of a conformal theory. Our new results are rec-
onciled with recent findings of the sextet ⇥-function [3], if the
model is close to the conformal window with a very small non-
vanishing ⇥-function. This leaves open the possibility of a light
scalar state with quantum numbers of the Higgs impostor. The
light Higgs-like state could emerge as the pseudo-Goldstone
dilaton from spontaneous symmetry breaking of scale invari-
ance. Even without association with the dilaton, the scalar
Higgs-like state can be light if the sextet gauge model is very
close to the conformal window. A new Higgs project of sex-
tet lattice simulations was outlined to resolve these important
questions. Plans include the determination of the S parameter
and the sextet confining force with results on the string tension
already reported, strongly favoring the ⌥SB hypothesis [98].
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connected part of correlator I in Table 1 of [89]. For comparison, the scPion
which is the parity partner of the f0 meson in the correlator is replotted with
its fit from Figure 4 (magenta color). In the continuum limit, the mass of the
non-Goldstone scPion will vanish and the f0 state could become light close to
the conformal window. The disconnected part of the correlator is required to
resolve this issue.

fermion-line disconnected contributions from the hairpin dia-
grams. To evaluate disconnected quark loops with zero mo-
mentum, we need to sum over propagators from sources at each
spatial location for a given time slice. To avoid the very costly
O(V) inversions to compute all-to-all propagators in lattice ter-
minology, random sources have to be used with noise reduction.

A very interesting further challenge and complication is the
existence of two types of distinct 0++ scalar mesons. One of
them is the composite fermion state and the other is the scalar
glueball with the same quantum number. In dynamical sex-
tet simulations, these two types of state will mix with an ob-
servable spectrum of scalar mesons which will require a well-
chosen variational operator set to disentangle the scalar state.
This further underlines the room left for a light scalar state to
emerge in the spectrum. It is also entirely possible that careful
lattice calculations will shut down the Higgs interpretation.

Staggered fermions present an additional complication from
the contribution of pairs of pseudoscalar meson taste channels
contributing to the scalar meson correlator. To be a physical
state, the scalar meson f0 has to be taste singlet. Taste selection
rules then require that the f0 meson couples only to pairs of
pseudoscalar mesons of the same taste. We have shown earlier
in Section 4 that the pion taste multiplet splits into the Gold-
stone state and a variety of higher-lying non-Goldstone states,
all degenerate with vanishing mass in the continuum limit. In
the continuum limit only the taste singlet states (physical states)
are expected to have the correct masses from the U(1) axial
anomaly which is itself a taste singlet. The other non-singlet
states remain light and create complicated threshold e⇥ects.
This complication is present in the f0 correlator masked by the
physical two-pion intermediate state [95].

6.2. The Higgs particle and the dilaton

If the sextet model is very close to the conformal window
with a small but nonvanishing ⇥-function, a necessary condition

is satisfied for spontaneous breaking of scale invariance gen-
erating the light pseudo-Goldstone dilaton state. The model,
as we argued earlier, is also consistent with chiral symmetry
breaking (⌃SB) with the minimal Goldstone pion spectrum re-
quired for electroweak symmetry breaking and the Higgs mech-
anism. The very small beta function (walking) and ⌃SB are not
su⇤cient to guarantee a light dilaton state if scale symmetry
breaking and ⌃SB are entangled in a complicated way. How-
ever, a light Higgs-like scalar could emerge near the confor-
mal window as a composite state, not necessarily with dilaton
interpretation. To understand the important role of the non-
perturbative gluon condensate in the partially conserved dilata-
tion current (PCDC) relation and its related dilaton implica-
tions, lattice simulations of the non-perturbative gluon conden-
sate will be needed near the conformal window.

For discussion of the PCDC relation constraining the proper-
ties of the dilaton, we will closely follow the standard argument
like in [70, 73, 74]. We will also show how non-perturbative lat-
tice methods can explore the implications of the PCDC relation
when applied to the sextet model.

In strongly interacting gauge theories, like the sextet model
under consideration, a dilatation current Dµ = �µ⌅x⌅ can be
defined from the symmetric energy-momentum tensor �µ⌅. Al-
though the massless theory is scale invariant on the classical
level, from the scale anomaly the dilatation current has a non-
vanishing divergence,

 µDµ = �µµ =
⇥(�)
4�

Ga
µ⌅G

aµ⌅ . (4)

Although �(µ) and Ga
µ⌅Gaµ⌅ depend on the renormalization

scale µ, the trace of the energy-momentum tensor is scheme in-
dependent after renormalization. In the sextet model, the mass-
less fermions are in the two-index symmetric representation of
the SU(3) color gauge group. The gluon fields are in the adjoint
representation with Ga

µ⌅, a = 1, 2, ...8. We will assume that the
perturbative parts of the composite gauge operator Ga

µ⌅Gaµ⌅ and
�
µ
µ are removed in Eq. (4) and only the non-perturbative (NP)

infrared part will be considered in what follows.
The dilaton coupling f⇧ is defined by the matrix element

⌅0|�µ⌅(x)|⇧(p)⇧ = f⇧
3

(pµp⌅ � gµ⌅p2)e�ipx (5)

with p2 = m2
⇧ for the on-shell dilaton state ⇧(p). From the

divergence of the dilatation current in Eq. (4) we get

⌅0| µDµ(x)|⇧(p)⇧ = f⇧m2
⇧e�ipx . (6)

The subtracted non-perturbative part of the energy-momentum
tensor, �

�
µ
µ

⇥
NP
=

⇥(�)
4�

�
Ga
µ⌅G

aµ⌅
⇥

NP
, (7)

is defined by removing the perturbative part of the gluon con-
densate in the vacuum,

�
�
µ
µ

⇥
NP
=

⇥(�)
4�

Ga
µ⌅G

aµ⌅ � ⌅0|⇥(�)
4�

Ga
µ⌅G

aµ⌅|0⇧PT . (8)

The lattice implementation of the subtraction procedure will be
briefly described after the derivation of the PCDC relation.
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fermion-line disconnected contributions from the hairpin dia-
grams. To evaluate disconnected quark loops with zero mo-
mentum, we need to sum over propagators from sources at each
spatial location for a given time slice. To avoid the very costly
O(V) inversions to compute all-to-all propagators in lattice ter-
minology, random sources have to be used with noise reduction.

A very interesting further challenge and complication is the
existence of two types of distinct 0++ scalar mesons. One of
them is the composite fermion state and the other is the scalar
glueball with the same quantum number. In dynamical sex-
tet simulations, these two types of state will mix with an ob-
servable spectrum of scalar mesons which will require a well-
chosen variational operator set to disentangle the scalar state.
This further underlines the room left for a light scalar state to
emerge in the spectrum. It is also entirely possible that careful
lattice calculations will shut down the Higgs interpretation.

Staggered fermions present an additional complication from
the contribution of pairs of pseudoscalar meson taste channels
contributing to the scalar meson correlator. To be a physical
state, the scalar meson f0 has to be taste singlet. Taste selection
rules then require that the f0 meson couples only to pairs of
pseudoscalar mesons of the same taste. We have shown earlier
in Section 4 that the pion taste multiplet splits into the Gold-
stone state and a variety of higher-lying non-Goldstone states,
all degenerate with vanishing mass in the continuum limit. In
the continuum limit only the taste singlet states (physical states)
are expected to have the correct masses from the U(1) axial
anomaly which is itself a taste singlet. The other non-singlet
states remain light and create complicated threshold e⇥ects.
This complication is present in the f0 correlator masked by the
physical two-pion intermediate state [95].

6.2. The Higgs particle and the dilaton

If the sextet model is very close to the conformal window
with a small but nonvanishing ⇥-function, a necessary condition

is satisfied for spontaneous breaking of scale invariance gen-
erating the light pseudo-Goldstone dilaton state. The model,
as we argued earlier, is also consistent with chiral symmetry
breaking (⌃SB) with the minimal Goldstone pion spectrum re-
quired for electroweak symmetry breaking and the Higgs mech-
anism. The very small beta function (walking) and ⌃SB are not
su⇤cient to guarantee a light dilaton state if scale symmetry
breaking and ⌃SB are entangled in a complicated way. How-
ever, a light Higgs-like scalar could emerge near the confor-
mal window as a composite state, not necessarily with dilaton
interpretation. To understand the important role of the non-
perturbative gluon condensate in the partially conserved dilata-
tion current (PCDC) relation and its related dilaton implica-
tions, lattice simulations of the non-perturbative gluon conden-
sate will be needed near the conformal window.

For discussion of the PCDC relation constraining the proper-
ties of the dilaton, we will closely follow the standard argument
like in [70, 73, 74]. We will also show how non-perturbative lat-
tice methods can explore the implications of the PCDC relation
when applied to the sextet model.

In strongly interacting gauge theories, like the sextet model
under consideration, a dilatation current Dµ = �µ⌅x⌅ can be
defined from the symmetric energy-momentum tensor �µ⌅. Al-
though the massless theory is scale invariant on the classical
level, from the scale anomaly the dilatation current has a non-
vanishing divergence,

 µDµ = �µµ =
⇥(�)
4�

Ga
µ⌅G

aµ⌅ . (4)

Although �(µ) and Ga
µ⌅Gaµ⌅ depend on the renormalization

scale µ, the trace of the energy-momentum tensor is scheme in-
dependent after renormalization. In the sextet model, the mass-
less fermions are in the two-index symmetric representation of
the SU(3) color gauge group. The gluon fields are in the adjoint
representation with Ga

µ⌅, a = 1, 2, ...8. We will assume that the
perturbative parts of the composite gauge operator Ga

µ⌅Gaµ⌅ and
�
µ
µ are removed in Eq. (4) and only the non-perturbative (NP)

infrared part will be considered in what follows.
The dilaton coupling f⇧ is defined by the matrix element

⌅0|�µ⌅(x)|⇧(p)⇧ = f⇧
3

(pµp⌅ � gµ⌅p2)e�ipx (5)

with p2 = m2
⇧ for the on-shell dilaton state ⇧(p). From the

divergence of the dilatation current in Eq. (4) we get

⌅0| µDµ(x)|⇧(p)⇧ = f⇧m2
⇧e�ipx . (6)

The subtracted non-perturbative part of the energy-momentum
tensor, �
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µ
µ

⇥
NP
=

⇥(�)
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Ga
µ⌅G
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⇥

NP
, (7)

is defined by removing the perturbative part of the gluon con-
densate in the vacuum,
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The lattice implementation of the subtraction procedure will be
briefly described after the derivation of the PCDC relation.
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fermion-line disconnected contributions from the hairpin dia-
grams. To evaluate disconnected quark loops with zero mo-
mentum, we need to sum over propagators from sources at each
spatial location for a given time slice. To avoid the very costly
O(V) inversions to compute all-to-all propagators in lattice ter-
minology, random sources have to be used with noise reduction.

A very interesting further challenge and complication is the
existence of two types of distinct 0++ scalar mesons. One of
them is the composite fermion state and the other is the scalar
glueball with the same quantum number. In dynamical sex-
tet simulations, these two types of state will mix with an ob-
servable spectrum of scalar mesons which will require a well-
chosen variational operator set to disentangle the scalar state.
This further underlines the room left for a light scalar state to
emerge in the spectrum. It is also entirely possible that careful
lattice calculations will shut down the Higgs interpretation.

Staggered fermions present an additional complication from
the contribution of pairs of pseudoscalar meson taste channels
contributing to the scalar meson correlator. To be a physical
state, the scalar meson f0 has to be taste singlet. Taste selection
rules then require that the f0 meson couples only to pairs of
pseudoscalar mesons of the same taste. We have shown earlier
in Section 4 that the pion taste multiplet splits into the Gold-
stone state and a variety of higher-lying non-Goldstone states,
all degenerate with vanishing mass in the continuum limit. In
the continuum limit only the taste singlet states (physical states)
are expected to have the correct masses from the U(1) axial
anomaly which is itself a taste singlet. The other non-singlet
states remain light and create complicated threshold e⇥ects.
This complication is present in the f0 correlator masked by the
physical two-pion intermediate state [95].

6.2. The Higgs particle and the dilaton

If the sextet model is very close to the conformal window
with a small but nonvanishing ⇥-function, a necessary condition

is satisfied for spontaneous breaking of scale invariance gen-
erating the light pseudo-Goldstone dilaton state. The model,
as we argued earlier, is also consistent with chiral symmetry
breaking (⌃SB) with the minimal Goldstone pion spectrum re-
quired for electroweak symmetry breaking and the Higgs mech-
anism. The very small beta function (walking) and ⌃SB are not
su⇤cient to guarantee a light dilaton state if scale symmetry
breaking and ⌃SB are entangled in a complicated way. How-
ever, a light Higgs-like scalar could emerge near the confor-
mal window as a composite state, not necessarily with dilaton
interpretation. To understand the important role of the non-
perturbative gluon condensate in the partially conserved dilata-
tion current (PCDC) relation and its related dilaton implica-
tions, lattice simulations of the non-perturbative gluon conden-
sate will be needed near the conformal window.

For discussion of the PCDC relation constraining the proper-
ties of the dilaton, we will closely follow the standard argument
like in [70, 73, 74]. We will also show how non-perturbative lat-
tice methods can explore the implications of the PCDC relation
when applied to the sextet model.

In strongly interacting gauge theories, like the sextet model
under consideration, a dilatation current Dµ = �µ⌅x⌅ can be
defined from the symmetric energy-momentum tensor �µ⌅. Al-
though the massless theory is scale invariant on the classical
level, from the scale anomaly the dilatation current has a non-
vanishing divergence,
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µ⌅, a = 1, 2, ...8. We will assume that the
perturbative parts of the composite gauge operator Ga
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fermion-line disconnected contributions from the hairpin dia-
grams. To evaluate disconnected quark loops with zero mo-
mentum, we need to sum over propagators from sources at each
spatial location for a given time slice. To avoid the very costly
O(V) inversions to compute all-to-all propagators in lattice ter-
minology, random sources have to be used with noise reduction.

A very interesting further challenge and complication is the
existence of two types of distinct 0++ scalar mesons. One of
them is the composite fermion state and the other is the scalar
glueball with the same quantum number. In dynamical sex-
tet simulations, these two types of state will mix with an ob-
servable spectrum of scalar mesons which will require a well-
chosen variational operator set to disentangle the scalar state.
This further underlines the room left for a light scalar state to
emerge in the spectrum. It is also entirely possible that careful
lattice calculations will shut down the Higgs interpretation.

Staggered fermions present an additional complication from
the contribution of pairs of pseudoscalar meson taste channels
contributing to the scalar meson correlator. To be a physical
state, the scalar meson f0 has to be taste singlet. Taste selection
rules then require that the f0 meson couples only to pairs of
pseudoscalar mesons of the same taste. We have shown earlier
in Section 4 that the pion taste multiplet splits into the Gold-
stone state and a variety of higher-lying non-Goldstone states,
all degenerate with vanishing mass in the continuum limit. In
the continuum limit only the taste singlet states (physical states)
are expected to have the correct masses from the U(1) axial
anomaly which is itself a taste singlet. The other non-singlet
states remain light and create complicated threshold e⇥ects.
This complication is present in the f0 correlator masked by the
physical two-pion intermediate state [95].

6.2. The Higgs particle and the dilaton

If the sextet model is very close to the conformal window
with a small but nonvanishing ⇥-function, a necessary condition

is satisfied for spontaneous breaking of scale invariance gen-
erating the light pseudo-Goldstone dilaton state. The model,
as we argued earlier, is also consistent with chiral symmetry
breaking (⌃SB) with the minimal Goldstone pion spectrum re-
quired for electroweak symmetry breaking and the Higgs mech-
anism. The very small beta function (walking) and ⌃SB are not
su⇤cient to guarantee a light dilaton state if scale symmetry
breaking and ⌃SB are entangled in a complicated way. How-
ever, a light Higgs-like scalar could emerge near the confor-
mal window as a composite state, not necessarily with dilaton
interpretation. To understand the important role of the non-
perturbative gluon condensate in the partially conserved dilata-
tion current (PCDC) relation and its related dilaton implica-
tions, lattice simulations of the non-perturbative gluon conden-
sate will be needed near the conformal window.

For discussion of the PCDC relation constraining the proper-
ties of the dilaton, we will closely follow the standard argument
like in [70, 73, 74]. We will also show how non-perturbative lat-
tice methods can explore the implications of the PCDC relation
when applied to the sextet model.

In strongly interacting gauge theories, like the sextet model
under consideration, a dilatation current Dµ = �µ⌅x⌅ can be
defined from the symmetric energy-momentum tensor �µ⌅. Al-
though the massless theory is scale invariant on the classical
level, from the scale anomaly the dilatation current has a non-
vanishing divergence,

 µDµ = �µµ =
⇥(�)
4�

Ga
µ⌅G

aµ⌅ . (4)

Although �(µ) and Ga
µ⌅Gaµ⌅ depend on the renormalization

scale µ, the trace of the energy-momentum tensor is scheme in-
dependent after renormalization. In the sextet model, the mass-
less fermions are in the two-index symmetric representation of
the SU(3) color gauge group. The gluon fields are in the adjoint
representation with Ga

µ⌅, a = 1, 2, ...8. We will assume that the
perturbative parts of the composite gauge operator Ga

µ⌅Gaµ⌅ and
�
µ
µ are removed in Eq. (4) and only the non-perturbative (NP)

infrared part will be considered in what follows.
The dilaton coupling f⇧ is defined by the matrix element

⌅0|�µ⌅(x)|⇧(p)⇧ = f⇧
3

(pµp⌅ � gµ⌅p2)e�ipx (5)

with p2 = m2
⇧ for the on-shell dilaton state ⇧(p). From the

divergence of the dilatation current in Eq. (4) we get

⌅0| µDµ(x)|⇧(p)⇧ = f⇧m2
⇧e�ipx . (6)

The subtracted non-perturbative part of the energy-momentum
tensor, �

�
µ
µ

⇥
NP
=

⇥(�)
4�

�
Ga
µ⌅G

aµ⌅
⇥

NP
, (7)

is defined by removing the perturbative part of the gluon con-
densate in the vacuum,

�
�
µ
µ

⇥
NP
=

⇥(�)
4�

Ga
µ⌅G

aµ⌅ � ⌅0|⇥(�)
4�

Ga
µ⌅G

aµ⌅|0⇧PT . (8)

The lattice implementation of the subtraction procedure will be
briefly described after the derivation of the PCDC relation.
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where F� is the TC pion decay constant and ⇥ scales like 1/
�

d(RTC) if the cuto⇥ is identified

with the technirho mass, or is a constant if the cuto⇥ is of the order of 4⇤F�. Provided rt is also

of order one, the dominant radiative correction is due to the top quark. For instance, if F� = v,

which is appropriate for a TC theory with one weak technidoublet, then �M2
H ⌅ �12⇥2r2

t m2
t ⌅

�⇥2r2
t (600 GeV)2. This demonstrates that the dynamical mass of the TC Higgs can be substantially

heavier than the physical mass, MH ⇧ 125 GeV.

III. THE DYNAMICAL MASS OF THE TC HIGGS

In QCD the lightest scalar is the ⌅meson (also termed f0(500) in PDG), with a measured mass

between 400 and 550 MeV [23] in agreement with early determinations [11]. Scaling up two-flavor

QCD yields a TC Higgs dynamical mass in the 1.0 TeV � M0
H � 1.4 TeV range. This estimate

changes when considering TC theories which are not an exact replica of two-flavor QCD. Here we

determine the geometric scaling of the TC Higgs dynamical mass, i.e. the value of M0
H as function of

the TC matter representation d(RTC), NTC and the number of techniflavors NTF for a given SU(NTC)

gauge theory. For a generalization to di⇥erent gauge groups see [24, 25]. We then discuss possible

e⇥ects of walking dynamics on M0
H, which are not automatically included in the geometric scaling.

Taking into account the SM induced radiative corrections discussed in Sec. II, we argue that TC can

accommodate a TC Higgs with a physical mass of 125 GeV, with or without e⇥ects from walking.

A. Geometric Scaling of the TC Higgs mass

We will consider at most two-index representations for TC matter, since at large NTC even

higher representations loose quickly asymptotic freedom [26]. The relevant scaling rules are:

F2
� ⌅ d(RTC) m2

TC , v2 = NTD F2
� , (5)

where F� is the technipion decay constant, mTC is the dynamically generated constituent techni-

quark mass, and NTD = N⇥TF/2, where N⇥TF is the actual number of techniflavors arranged in weak

doublets and therefore N⇥TF ⇤ NTF. v = 246 GeV is the electroweak vacuum expectation value and

will be kept fix in the following.

The squared mass of any large NTC leading technimeson scales like:

(M0
H)2 =

3
d(RTC)

1
NTD

v2

f 2
⇤

m2
⌅ . (6)
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FIG. 1: Quadratically divergent diagrams contributing to the Higgs mass, with the interaction vertices

given by (2). The gauge boson exchanges are computed in Landau gauge: then the seagull diagrams,

with a single W and Z exchange, are the only quadratically divergent one-loop diagrams with gauge

boson exchanges.

by the breaking of the electroweak symmetry, U = exp
�
i⇤aTa/v

⇥
, with covariant derivative DµU ⇥

�µU � igWa
µTaU + ig⇧UBµT3, 2Ta are the Pauli matrices, with a = 1, 2, 3, and V[H] is the TC Higgs

potential. �S is the contribution to the S parameter from the physics at the cuto⇤ scale, and is

assumed to vanish in the M⌅ ⌅ ⌃ limit. The interactions contributing to the Higgs self-energy

are

LH ⇤
2 m2

W r⇤
v

H W+
µ W�µ +

m2
Z r⇤
v

H Zµ Zµ � mt rt

v
H t̄ t

+
m2

W s⇤
v2 H2 W+

µ W�µ +
m2

Z s⇤
2 v2 H2 Zµ Zµ . (2)

The tree-level SM is recovered for

r⇤ = s⇤ = rt = rb = 1 . (3)

We divide the radiative corrections to the TC Higgs mass into two classes: external contributions,

corresponding to loop corrections involving elementary SM fields, and TC contributions, corre-

sponding to loop corrections involving TC composites only. The latter contribute to the dynamical

mass M0
H, whose size will be estimated in the next section by non-perturbative analysis. In order

to isolate the SM contributions we work in Landau gauge. Here transversely polarized gauge

boson propagators correspond to elementary fields, and massless Goldstone boson propagators

correspond to TC composites. The only SM contributions to the TC Higgs mass which are quadrat-

ically divergent in the cuto⇤ come from the diagrams of Fig. 1. Retaining only the quadratically

divergent terms leads to a physical mass MH given by

M2
H = (M0

H)2 +
3(4⇤�F⇥)2

16⇤2v2

⇧
    ⌥�4r2

t m2
t + 2s⇤

⇤
����↵m2

W +
m2

Z
2

⌅
�����

⌃
⌦⌦⌦⌦� + �M2

H
(4⇤�F⇥) , (4)

where �M2
H

(4⇤�F⇥) is the scale-dependent counterterm and � is a order unity number. To be able

to provide a physical estimate we assume that the counterterm is negligible at the scale 4⇤�F⇥,
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accommodate a TC Higgs with a physical mass of 125 GeV, with or without e⇥ects from walking.
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We will consider at most two-index representations for TC matter, since at large NTC even

higher representations loose quickly asymptotic freedom [26]. The relevant scaling rules are:
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where F� is the technipion decay constant, mTC is the dynamically generated constituent techni-

quark mass, and NTD = N⇥TF/2, where N⇥TF is the actual number of techniflavors arranged in weak

doublets and therefore N⇥TF ⇤ NTF. v = 246 GeV is the electroweak vacuum expectation value and

will be kept fix in the following.

The squared mass of any large NTC leading technimeson scales like:
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NTD
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f 2
⇤
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light Higgs near conformality (dilaton-like?)

mσ

fσ
→ ?

It is easy to derive, like for example in [70], the dilaton ma-
trix element of the energy-momentum tensor trace using some
particular definition of the subtraction scheme,

⇧⌃(p = 0)|
⌃
⇥
µ
µ(0)
⌥

NP
|0⌃ ⌅ 4

f⌃
⇧0|
⌃
⇥
µ
µ(0)
⌥

NP
|0⌃ . (9)

When combined with Eq. (6), the partially conserved dilatation
current (PCDC) relation is obtained,

m2
⌃ ⌅ �

4
f 2
⌃

⇧0|
⌃
⇥
µ
µ(0)
⌥

NP
|0⌃ . (10)

Predictions for m⌃ close to the conformal window depend on
the behavior of f⌃ and the gluon condensate

⌃
Ga
µ⌅Gaµ⌅

⌥
NP

of
Eq. (7). There are two di↵erent expectations about the limit
of the gluon condensate to f⌃ ratio when the conformal win-
dow is approached. In one interpretation, the right-hand side of
Eq. (10) is predicted to approach zero in the limit, so that the
dilaton mass m2

⌃ ⌅ (Nc
f � Nf ) · ⇤2 would parametrically van-

ish when the conformal limit is reached. The ⇤ scale is defined
where the running coupling becomes strong to trigger ⌥SB. The
formal parameter Nc

f � Nf with the non-physical (fractional)
critical number of fermions vanishes when the conformal phase
is reached [70]. In an alternate interpretation the right-hand
side ratio of Eq. (10) remains finite in the limit and a residual
dilaton mass is expected when scaled with f⌃ ⌅ ⇤ [73, 74].

It is important to note that there is no guarantee, even with
a very small ⇥-function near the conformal window, for the re-
alization of a light enough dilaton to act as the new Higgs-like
particle. Realistic BSM models have not been built with para-
metric tuning close to the conformal window. For example, the
sextet model is at some intrinsically determined position near
the conformal window and only non-perturbative lattice calcu-
lations can explore the physical properties of the scalar particle.

6.3. The non-perturbative gluon condensate on the lattice
The lattice determination of the non-perturbative gluon con-

densate can help to understand the consequences of the PCDC
relation. Power divergences are severe in the calculation of the
lattice gluon condensate, because the operator �Ga

µ⌅Gaµ⌅ has
quartic divergences. The gluon condensate is computed on the
lattice from the expectation value of the plaquette operator UP.
On the tree level we have the relation

lima⇤0

�
1
a4 ⇧1 �

1
3

tr UP⌃
⇥
=
⇧2

36
⇧�
⇧

GG⌃lattice (11)

as the continuum limit is approached in the limit of vanishing
bare lattice coupling g0. At finite lattice coupling we have the
sum of a perturbative series in g0 and the non-perturbative gluon
condensate,

⇤
1� 1

3
tr UP

⌅
=
⇧

n

cn ·g2n
0 +a4 ⇧

2

36

�
b0

⇥(g0)

⇥ ⇤�
⇧

GG
⌅

lattice
+ O(a6) ,

(12)
where b0 is the leading ⇥-function coe�cient. There is no
gauge-invariant operator of dimension 2 and therefore the or-
der a2 term is missing in Eq. (12). For small lattice spacing a,

the perturbative series is much larger than the non-perturbative
gluon condensate, and its determination requires the subtraction
of the perturbative series from the high accuracy Monte Carlo
data of the plaquette. The cn expansion coe�cents can be deter-
mined to high order using stochastic perturbation theory [96].
This procedure requires the investigation of Borel summation
of the high order terms in the perturbative expansion since the
coe�cients cn are expected to diverge in factorial order and
one has to deal with the well-known renormalon issues. The
methodology has been extensively studied in pure Yang-Mills
theory on the lattice [97].

It will be very important to undertake similar investigations
of the non-perturbative gluon condensate in the sextet model
with full fermion dynamics. We hope to return to this problem
in the near future.

Summary and outlook

We have shown that the chiral condensate and the mass spec-
trum of the sextet model are consistent with chiral symmetry
breaking in the limit of vanishing fermion mass. In contrast,
sextet fermion mass deformations of spectral properties are not
consistent with leading conformal scaling behavior near the
critical surface of a conformal theory. Our new results are rec-
onciled with recent findings of the sextet ⇥-function [3], if the
model is close to the conformal window with a very small non-
vanishing ⇥-function. This leaves open the possibility of a light
scalar state with quantum numbers of the Higgs impostor. The
light Higgs-like state could emerge as the pseudo-Goldstone
dilaton from spontaneous symmetry breaking of scale invari-
ance. Even without association with the dilaton, the scalar
Higgs-like state can be light if the sextet gauge model is very
close to the conformal window. A new Higgs project of sex-
tet lattice simulations was outlined to resolve these important
questions. Plans include the determination of the S parameter
and the sextet confining force with results on the string tension
already reported, strongly favoring the ⌥SB hypothesis [98].
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Figure 8: The linear fit is shown to the mass of the 0++ f0 meson from the
connected part of correlator I in Table 1 of [89]. For comparison, the scPion
which is the parity partner of the f0 meson in the correlator is replotted with
its fit from Figure 4 (magenta color). In the continuum limit, the mass of the
non-Goldstone scPion will vanish and the f0 state could become light close to
the conformal window. The disconnected part of the correlator is required to
resolve this issue.

fermion-line disconnected contributions from the hairpin dia-
grams. To evaluate disconnected quark loops with zero mo-
mentum, we need to sum over propagators from sources at each
spatial location for a given time slice. To avoid the very costly
O(V) inversions to compute all-to-all propagators in lattice ter-
minology, random sources have to be used with noise reduction.

A very interesting further challenge and complication is the
existence of two types of distinct 0++ scalar mesons. One of
them is the composite fermion state and the other is the scalar
glueball with the same quantum number. In dynamical sex-
tet simulations, these two types of state will mix with an ob-
servable spectrum of scalar mesons which will require a well-
chosen variational operator set to disentangle the scalar state.
This further underlines the room left for a light scalar state to
emerge in the spectrum. It is also entirely possible that careful
lattice calculations will shut down the Higgs interpretation.

Staggered fermions present an additional complication from
the contribution of pairs of pseudoscalar meson taste channels
contributing to the scalar meson correlator. To be a physical
state, the scalar meson f0 has to be taste singlet. Taste selection
rules then require that the f0 meson couples only to pairs of
pseudoscalar mesons of the same taste. We have shown earlier
in Section 4 that the pion taste multiplet splits into the Gold-
stone state and a variety of higher-lying non-Goldstone states,
all degenerate with vanishing mass in the continuum limit. In
the continuum limit only the taste singlet states (physical states)
are expected to have the correct masses from the U(1) axial
anomaly which is itself a taste singlet. The other non-singlet
states remain light and create complicated threshold e⇥ects.
This complication is present in the f0 correlator masked by the
physical two-pion intermediate state [95].

6.2. The Higgs particle and the dilaton

If the sextet model is very close to the conformal window
with a small but nonvanishing ⇥-function, a necessary condition

is satisfied for spontaneous breaking of scale invariance gen-
erating the light pseudo-Goldstone dilaton state. The model,
as we argued earlier, is also consistent with chiral symmetry
breaking (⌃SB) with the minimal Goldstone pion spectrum re-
quired for electroweak symmetry breaking and the Higgs mech-
anism. The very small beta function (walking) and ⌃SB are not
su⇤cient to guarantee a light dilaton state if scale symmetry
breaking and ⌃SB are entangled in a complicated way. How-
ever, a light Higgs-like scalar could emerge near the confor-
mal window as a composite state, not necessarily with dilaton
interpretation. To understand the important role of the non-
perturbative gluon condensate in the partially conserved dilata-
tion current (PCDC) relation and its related dilaton implica-
tions, lattice simulations of the non-perturbative gluon conden-
sate will be needed near the conformal window.

For discussion of the PCDC relation constraining the proper-
ties of the dilaton, we will closely follow the standard argument
like in [70, 73, 74]. We will also show how non-perturbative lat-
tice methods can explore the implications of the PCDC relation
when applied to the sextet model.

In strongly interacting gauge theories, like the sextet model
under consideration, a dilatation current Dµ = �µ⌅x⌅ can be
defined from the symmetric energy-momentum tensor �µ⌅. Al-
though the massless theory is scale invariant on the classical
level, from the scale anomaly the dilatation current has a non-
vanishing divergence,

 µDµ = �µµ =
⇥(�)
4�

Ga
µ⌅G

aµ⌅ . (4)

Although �(µ) and Ga
µ⌅Gaµ⌅ depend on the renormalization

scale µ, the trace of the energy-momentum tensor is scheme in-
dependent after renormalization. In the sextet model, the mass-
less fermions are in the two-index symmetric representation of
the SU(3) color gauge group. The gluon fields are in the adjoint
representation with Ga

µ⌅, a = 1, 2, ...8. We will assume that the
perturbative parts of the composite gauge operator Ga

µ⌅Gaµ⌅ and
�
µ
µ are removed in Eq. (4) and only the non-perturbative (NP)

infrared part will be considered in what follows.
The dilaton coupling f⇧ is defined by the matrix element

⌅0|�µ⌅(x)|⇧(p)⇧ = f⇧
3

(pµp⌅ � gµ⌅p2)e�ipx (5)

with p2 = m2
⇧ for the on-shell dilaton state ⇧(p). From the

divergence of the dilatation current in Eq. (4) we get

⌅0| µDµ(x)|⇧(p)⇧ = f⇧m2
⇧e�ipx . (6)

The subtracted non-perturbative part of the energy-momentum
tensor, �

�
µ
µ

⇥
NP
=

⇥(�)
4�

�
Ga
µ⌅G

aµ⌅
⇥

NP
, (7)

is defined by removing the perturbative part of the gluon con-
densate in the vacuum,

�
�
µ
µ

⇥
NP
=

⇥(�)
4�

Ga
µ⌅G

aµ⌅ � ⌅0|⇥(�)
4�

Ga
µ⌅G

aµ⌅|0⇧PT . (8)

The lattice implementation of the subtraction procedure will be
briefly described after the derivation of the PCDC relation.

8

Dilatation current

0 0.005 0.01 0.015
0

0.1

0.2

0.3

0.4

0.5

0.6

 m

 e
ffe

ct
iv

e 
m

as
s 

  M
co

n
f0

m fit range:  0.003 − 0.010

input from volumes  243! 48, 323! 64 

Mcon
f0  = M0 + c1 m      �=3.2  

 f0 meson mass requires missing disconnected part

M0=  0.1555 " 0.0070

c1=  25.3 " 1.3

�2/dof= 1.21

 effective mass  Mcon
f0     from 0++ connected correlator  

Figure 8: The linear fit is shown to the mass of the 0++ f0 meson from the
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non-Goldstone scPion will vanish and the f0 state could become light close to
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fermion-line disconnected contributions from the hairpin dia-
grams. To evaluate disconnected quark loops with zero mo-
mentum, we need to sum over propagators from sources at each
spatial location for a given time slice. To avoid the very costly
O(V) inversions to compute all-to-all propagators in lattice ter-
minology, random sources have to be used with noise reduction.

A very interesting further challenge and complication is the
existence of two types of distinct 0++ scalar mesons. One of
them is the composite fermion state and the other is the scalar
glueball with the same quantum number. In dynamical sex-
tet simulations, these two types of state will mix with an ob-
servable spectrum of scalar mesons which will require a well-
chosen variational operator set to disentangle the scalar state.
This further underlines the room left for a light scalar state to
emerge in the spectrum. It is also entirely possible that careful
lattice calculations will shut down the Higgs interpretation.

Staggered fermions present an additional complication from
the contribution of pairs of pseudoscalar meson taste channels
contributing to the scalar meson correlator. To be a physical
state, the scalar meson f0 has to be taste singlet. Taste selection
rules then require that the f0 meson couples only to pairs of
pseudoscalar mesons of the same taste. We have shown earlier
in Section 4 that the pion taste multiplet splits into the Gold-
stone state and a variety of higher-lying non-Goldstone states,
all degenerate with vanishing mass in the continuum limit. In
the continuum limit only the taste singlet states (physical states)
are expected to have the correct masses from the U(1) axial
anomaly which is itself a taste singlet. The other non-singlet
states remain light and create complicated threshold e⇥ects.
This complication is present in the f0 correlator masked by the
physical two-pion intermediate state [95].

6.2. The Higgs particle and the dilaton

If the sextet model is very close to the conformal window
with a small but nonvanishing ⇥-function, a necessary condition

is satisfied for spontaneous breaking of scale invariance gen-
erating the light pseudo-Goldstone dilaton state. The model,
as we argued earlier, is also consistent with chiral symmetry
breaking (⌃SB) with the minimal Goldstone pion spectrum re-
quired for electroweak symmetry breaking and the Higgs mech-
anism. The very small beta function (walking) and ⌃SB are not
su⇤cient to guarantee a light dilaton state if scale symmetry
breaking and ⌃SB are entangled in a complicated way. How-
ever, a light Higgs-like scalar could emerge near the confor-
mal window as a composite state, not necessarily with dilaton
interpretation. To understand the important role of the non-
perturbative gluon condensate in the partially conserved dilata-
tion current (PCDC) relation and its related dilaton implica-
tions, lattice simulations of the non-perturbative gluon conden-
sate will be needed near the conformal window.

For discussion of the PCDC relation constraining the proper-
ties of the dilaton, we will closely follow the standard argument
like in [70, 73, 74]. We will also show how non-perturbative lat-
tice methods can explore the implications of the PCDC relation
when applied to the sextet model.

In strongly interacting gauge theories, like the sextet model
under consideration, a dilatation current Dµ = �µ⌅x⌅ can be
defined from the symmetric energy-momentum tensor �µ⌅. Al-
though the massless theory is scale invariant on the classical
level, from the scale anomaly the dilatation current has a non-
vanishing divergence,

 µDµ = �µµ =
⇥(�)
4�

Ga
µ⌅G

aµ⌅ . (4)

Although �(µ) and Ga
µ⌅Gaµ⌅ depend on the renormalization

scale µ, the trace of the energy-momentum tensor is scheme in-
dependent after renormalization. In the sextet model, the mass-
less fermions are in the two-index symmetric representation of
the SU(3) color gauge group. The gluon fields are in the adjoint
representation with Ga

µ⌅, a = 1, 2, ...8. We will assume that the
perturbative parts of the composite gauge operator Ga

µ⌅Gaµ⌅ and
�
µ
µ are removed in Eq. (4) and only the non-perturbative (NP)

infrared part will be considered in what follows.
The dilaton coupling f⇧ is defined by the matrix element

⌅0|�µ⌅(x)|⇧(p)⇧ = f⇧
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with p2 = m2
⇧ for the on-shell dilaton state ⇧(p). From the

divergence of the dilatation current in Eq. (4) we get
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is defined by removing the perturbative part of the gluon con-
densate in the vacuum,
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aµ⌅ � ⌅0|⇥(�)
4�

Ga
µ⌅G

aµ⌅|0⇧PT . (8)

The lattice implementation of the subtraction procedure will be
briefly described after the derivation of the PCDC relation.
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Figure 8: The linear fit is shown to the mass of the 0++ f0 meson from the
connected part of correlator I in Table 1 of [89]. For comparison, the scPion
which is the parity partner of the f0 meson in the correlator is replotted with
its fit from Figure 4 (magenta color). In the continuum limit, the mass of the
non-Goldstone scPion will vanish and the f0 state could become light close to
the conformal window. The disconnected part of the correlator is required to
resolve this issue.

fermion-line disconnected contributions from the hairpin dia-
grams. To evaluate disconnected quark loops with zero mo-
mentum, we need to sum over propagators from sources at each
spatial location for a given time slice. To avoid the very costly
O(V) inversions to compute all-to-all propagators in lattice ter-
minology, random sources have to be used with noise reduction.

A very interesting further challenge and complication is the
existence of two types of distinct 0++ scalar mesons. One of
them is the composite fermion state and the other is the scalar
glueball with the same quantum number. In dynamical sex-
tet simulations, these two types of state will mix with an ob-
servable spectrum of scalar mesons which will require a well-
chosen variational operator set to disentangle the scalar state.
This further underlines the room left for a light scalar state to
emerge in the spectrum. It is also entirely possible that careful
lattice calculations will shut down the Higgs interpretation.

Staggered fermions present an additional complication from
the contribution of pairs of pseudoscalar meson taste channels
contributing to the scalar meson correlator. To be a physical
state, the scalar meson f0 has to be taste singlet. Taste selection
rules then require that the f0 meson couples only to pairs of
pseudoscalar mesons of the same taste. We have shown earlier
in Section 4 that the pion taste multiplet splits into the Gold-
stone state and a variety of higher-lying non-Goldstone states,
all degenerate with vanishing mass in the continuum limit. In
the continuum limit only the taste singlet states (physical states)
are expected to have the correct masses from the U(1) axial
anomaly which is itself a taste singlet. The other non-singlet
states remain light and create complicated threshold e⇥ects.
This complication is present in the f0 correlator masked by the
physical two-pion intermediate state [95].

6.2. The Higgs particle and the dilaton

If the sextet model is very close to the conformal window
with a small but nonvanishing ⇥-function, a necessary condition

is satisfied for spontaneous breaking of scale invariance gen-
erating the light pseudo-Goldstone dilaton state. The model,
as we argued earlier, is also consistent with chiral symmetry
breaking (⌃SB) with the minimal Goldstone pion spectrum re-
quired for electroweak symmetry breaking and the Higgs mech-
anism. The very small beta function (walking) and ⌃SB are not
su⇤cient to guarantee a light dilaton state if scale symmetry
breaking and ⌃SB are entangled in a complicated way. How-
ever, a light Higgs-like scalar could emerge near the confor-
mal window as a composite state, not necessarily with dilaton
interpretation. To understand the important role of the non-
perturbative gluon condensate in the partially conserved dilata-
tion current (PCDC) relation and its related dilaton implica-
tions, lattice simulations of the non-perturbative gluon conden-
sate will be needed near the conformal window.

For discussion of the PCDC relation constraining the proper-
ties of the dilaton, we will closely follow the standard argument
like in [70, 73, 74]. We will also show how non-perturbative lat-
tice methods can explore the implications of the PCDC relation
when applied to the sextet model.
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lattice calculations will shut down the Higgs interpretation.
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tice methods can explore the implications of the PCDC relation
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though the massless theory is scale invariant on the classical
level, from the scale anomaly the dilatation current has a non-
vanishing divergence,
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     dilaton-like scalar states in SCGT, or “just a light Higgs” ?



We started  second generation run set
(ALCC Award on Mira)

Our new code (sextet Janos) is highly optimized for BG/Q     impressive  Borsanyi/Wong effort
In Mira production now to answer questions in second generation run set:



  

1. Test of chiral perturbation theory below the scale of low mass scalar? 
      how to test if light scalar is dilaton-like                   close to CW?
       both require new low energy effective action          
        

2. Needs precise scale setting and resonance spectrum
     S and T parameters of Electroweak precision tests        
      large volumes  F・L ~ 1, or larger!
      slow topology
        

3. Running (walking?) coupling
     volume-dependent running  coupling 
     scale-dependent L= ∞ coupling in chiral limit

4. Consistent chiral condensate?
     GMOR relation is important consistency check
    new method for spectral density and mode number
     anomalous dimension of chiral condensate

is there an fσ /fπ  crisis?

We started  second generation run set
(ALCC Award on Mira)

Our new code (sextet Janos) is highly optimized for BG/Q     impressive  Borsanyi/Wong effort
In Mira production now to answer questions in second generation run set:



TeV
A1    ~ 2.7 TeV

Rho  ~ 1.9 TeV

scalar impostor few hundred GeV?

observed Higgs-like?

EW self-energy shift

within LHC14 reach

4

t

W Z

FIG. 1: Quadratically divergent diagrams contributing to the Higgs mass, with the interaction vertices

given by (2). The gauge boson exchanges are computed in Landau gauge: then the seagull diagrams,

with a single W and Z exchange, are the only quadratically divergent one-loop diagrams with gauge

boson exchanges.

by the breaking of the electroweak symmetry, U = exp
�
i⇤aTa/v

⇥
, with covariant derivative DµU ⇥

�µU � igWa
µTaU + ig⇧UBµT3, 2Ta are the Pauli matrices, with a = 1, 2, 3, and V[H] is the TC Higgs

potential. �S is the contribution to the S parameter from the physics at the cuto⇤ scale, and is

assumed to vanish in the M⌅ ⌅ ⌃ limit. The interactions contributing to the Higgs self-energy

are

LH ⇤
2 m2

W r⇤
v

H W+
µ W�µ +

m2
Z r⇤
v

H Zµ Zµ � mt rt

v
H t̄ t

+
m2

W s⇤
v2 H2 W+

µ W�µ +
m2

Z s⇤
2 v2 H2 Zµ Zµ . (2)

The tree-level SM is recovered for

r⇤ = s⇤ = rt = rb = 1 . (3)

We divide the radiative corrections to the TC Higgs mass into two classes: external contributions,

corresponding to loop corrections involving elementary SM fields, and TC contributions, corre-

sponding to loop corrections involving TC composites only. The latter contribute to the dynamical

mass M0
H, whose size will be estimated in the next section by non-perturbative analysis. In order

to isolate the SM contributions we work in Landau gauge. Here transversely polarized gauge

boson propagators correspond to elementary fields, and massless Goldstone boson propagators

correspond to TC composites. The only SM contributions to the TC Higgs mass which are quadrat-

ically divergent in the cuto⇤ come from the diagrams of Fig. 1. Retaining only the quadratically

divergent terms leads to a physical mass MH given by

M2
H = (M0

H)2 +
3(4⇤�F⇥)2

16⇤2v2

⇧
    ⌥�4r2

t m2
t + 2s⇤

⇤
����↵m2

W +
m2

Z
2

⌅
�����

⌃
⌦⌦⌦⌦� + �M2

H
(4⇤�F⇥) , (4)

where �M2
H

(4⇤�F⇥) is the scale-dependent counterterm and � is a order unity number. To be able

to provide a physical estimate we assume that the counterterm is negligible at the scale 4⇤�F⇥,

5

where F� is the TC pion decay constant and ⇥ scales like 1/
�

d(RTC) if the cuto⇥ is identified

with the technirho mass, or is a constant if the cuto⇥ is of the order of 4⇤F�. Provided rt is also

of order one, the dominant radiative correction is due to the top quark. For instance, if F� = v,

which is appropriate for a TC theory with one weak technidoublet, then �M2
H ⌅ �12⇥2r2

t m2
t ⌅

�⇥2r2
t (600 GeV)2. This demonstrates that the dynamical mass of the TC Higgs can be substantially

heavier than the physical mass, MH ⇧ 125 GeV.

III. THE DYNAMICAL MASS OF THE TC HIGGS

In QCD the lightest scalar is the ⌅meson (also termed f0(500) in PDG), with a measured mass

between 400 and 550 MeV [23] in agreement with early determinations [11]. Scaling up two-flavor

QCD yields a TC Higgs dynamical mass in the 1.0 TeV � M0
H � 1.4 TeV range. This estimate

changes when considering TC theories which are not an exact replica of two-flavor QCD. Here we

determine the geometric scaling of the TC Higgs dynamical mass, i.e. the value of M0
H as function of

the TC matter representation d(RTC), NTC and the number of techniflavors NTF for a given SU(NTC)

gauge theory. For a generalization to di⇥erent gauge groups see [24, 25]. We then discuss possible

e⇥ects of walking dynamics on M0
H, which are not automatically included in the geometric scaling.

Taking into account the SM induced radiative corrections discussed in Sec. II, we argue that TC can

accommodate a TC Higgs with a physical mass of 125 GeV, with or without e⇥ects from walking.

A. Geometric Scaling of the TC Higgs mass

We will consider at most two-index representations for TC matter, since at large NTC even

higher representations loose quickly asymptotic freedom [26]. The relevant scaling rules are:

F2
� ⌅ d(RTC) m2

TC , v2 = NTD F2
� , (5)

where F� is the technipion decay constant, mTC is the dynamically generated constituent techni-

quark mass, and NTD = N⇥TF/2, where N⇥TF is the actual number of techniflavors arranged in weak

doublets and therefore N⇥TF ⇤ NTF. v = 246 GeV is the electroweak vacuum expectation value and

will be kept fix in the following.

The squared mass of any large NTC leading technimeson scales like:

(M0
H)2 =

3
d(RTC)

1
NTD

v2

f 2
⇤

m2
⌅ . (6)
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A0    ~ 1.7 TeV

near-conformal resonance spectrum 
separated from light scalarN     ~ 3.2 TeV

the spectrum
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whilst the second WSR is questionable in some scenarios.
If only the first WSR is considered, but still assuming the
hierarchy MA > MV , one obtains the lower bound [4]

SLO = 4π

{

v2

M2
V

+ F 2
A

(

1

M2
V

−
1

M2
A

)}

>
4πv2

M2
V

. (9)

The possibility of an inverted mass ordering of the vector
and axial-vector resonances [12] would turn this lower
bound into the upper bound SLO < 4πv2/M2

V . Note that
if the splitting of the vector and axial-vector resonances
was small, the prediction of SLO would be close to the
bound.
At the next-to-leading order (NLO) the computed

W 3B correlator should also satisfy the proper short-
distance behaviour. The ππ and Sπ spectral functions
would have an unphysical grow at large momentum trans-
fer unless FV GV = v2 and FAλSA

1 = ωv. The first con-
straint guarantees a well-behaved vector form factor [3],
while the second relates the axial and scalar couplings.
Once these relations are enforced, the Goldstone self-
energies are convergent enough to allow for an unam-
biguous determination of T in terms of masses and ω.
Neglecting terms of O(m2

S1
/M2

V,A),

T =
3

16π cos2 θW

[

1 + log
m2

H

M2
V

− ω2

(

1 + log
m2

S1

M2
A

)]

,

(10)
where mH is the SM reference Higgs mass adopted to
define S and T . Notice that taking mH = mS1

and ω = 1
(the SM value), T vanishes when MV = MA as it should.
To enforce the secondWSR at NLO one needs the addi-

tional constraint ω = M2
V /M

2
A (constrained to the range

0 ≤ ω ≤ 1). One can then obtain a NLO determination
of S in terms of MV and MA:

S = 4πv2
(

1

M2
V

+
1

M2
A

)

+
1

12π

[

log
M2

V

m2
H

−
11

6

+
M2

V

M2
A

log
M2

A

M2
V

−
M4

V

M4
A

(

log
M2

A

m2
S1

−
11

6

)]

, (11)

where terms of O(m2
S1
/M2

V,A) have been neglected. Tak-
ing mH = mS1

, the correction to the LO result vanishes
when MV = MA (ω = 1); in this limit, the NLO predic-
tion reaches the LO upper bound in Eq. (8).
If only the first WSR is considered, one can still obtain

a lower bound at NLO in terms of MV , MA and ω:

S ≥
4πv2

M2
V

+
1

12π

[

log
M2

V

m2
H

−
11

6
−ω2

(

log
M2

A

m2
S1

−
17

6
+
M2

A

M2
V

)]

,

(12)
where MV < MA has been assumed and we have ne-
glected again terms of O(m2

S1
/M2

V,A). With mH = mS1
,

the NLO correction vanishes in the combined limit ω = 1
and MV = MA, where the LO lower bound (9) is recov-
ered.
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FIG. 2. NLO determinations of S and T , imposing the two
WSRs. The approximately vertical curves correspond to con-
stant values ofMV , from 1.5 to 6.0 TeV at intervals of 0.5 TeV.
The approximately horizontal curves have constant values of
ω: 0.00, 0.25, 0.50, 0.75, 1.00. The arrows indicate the direc-
tions of growing MV and ω. The ellipses give the experimen-
tally allowed regions at 68% (orange), 95% (green) and 99%
(blue) CL.

PHENOMENOLOGY

Taking the SM reference point at mH = mS1
= 126

GeV, the global fit to precision electroweak data gives
the results S = 0.03 ± 0.10 and T = 0.05 ± 0.12, with
a correlation coefficient of 0.891 [13]. In Fig. 2 we show
the compatibility between these “experimental” values
and our NLO determinations imposing the two WSRs:
Eq. (10) with ω = M2

V /M
2
A and Eq. (11). Notice that

the line with ω = M2
V /M

2
A = 1 (T = 0) coincides with

the LO upper bound in (8), while the ω = M2
V /M

2
A → 0

curve reproduces the lower bound in Eq. (12) in the same
limit. Thus, a vanishing scalar-Goldstone coupling (ω =
0) would be incompatible with the data, independently
of whether the second WSR has been assumed.
Fig. 2 shows a very important result in the two-WSR

scenario: with mS1
= 126 GeV, the precision electroweak

data requires that the Higgs-like scalar should have a
WW coupling very close to the SM one. At 68% (95%)
CL, one gets ω ∈ [0.97, 1] ([0.94, 1]), in nice agreement
with the present LHC evidence [1], but much more re-
strictive. Moreover, the vector and axial-vector states
should be very heavy (and quite degenerate); one finds
MV > 5 TeV (4 TeV) at 68% (95%) CL.
This conclusion is softened when the second WSR is

dropped and the lower bound in Eq. (12) is used instead.
This is shown in Fig. 3, which gives the allowed 68% CL
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the results S = 0.03 ± 0.10 and T = 0.05 ± 0.12, with
a correlation coefficient of 0.891 [13]. In Fig. 2 we show
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and our NLO determinations imposing the two WSRs:
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curve reproduces the lower bound in Eq. (12) in the same
limit. Thus, a vanishing scalar-Goldstone coupling (ω =
0) would be incompatible with the data, independently
of whether the second WSR has been assumed.
Fig. 2 shows a very important result in the two-WSR

scenario: with mS1
= 126 GeV, the precision electroweak

data requires that the Higgs-like scalar should have a
WW coupling very close to the SM one. At 68% (95%)
CL, one gets ω ∈ [0.97, 1] ([0.94, 1]), in nice agreement
with the present LHC evidence [1], but much more re-
strictive. Moreover, the vector and axial-vector states
should be very heavy (and quite degenerate); one finds
MV > 5 TeV (4 TeV) at 68% (95%) CL.
This conclusion is softened when the second WSR is

dropped and the lower bound in Eq. (12) is used instead.
This is shown in Fig. 3, which gives the allowed 68% CL
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SM pattern of EWSB, i.e. the theory is symmetric under
S U(2)L ⌦ S U(2)R and becomes spontaneously broken to
the diagonal subgroup S U(2)L+R. S 1 is taken to be sin-
glet under S U(2)L+R, while Vµ⌫ and Aµ⌫ are triplets. To
build the Lagrangian we have only considered operators
with the lowest number of derivatives, as higher-derivative
terms are either proportional to the equations of motion or
tend to violate the expected short-distance behaviour [5].
We have needed the interactions [4]

L =
v2

4
h uµuµ i
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1 @µS 1h Aµ⌫u⌫ i , (1)

plus the standard gauge boson and resonance kinetic
terms. We have followed the notation of Ref. [6]. The first
term in (1) gives the Goldstone Lagrangian, present in the
SM, plus the scalar-Goldstone interactions. For ! = 1 one
recovers the S 1 ! ⇡⇡ vertex of the SM. Note that ! is
called W , Z or a in other references.

The oblique parameter S receives tree-level contribu-
tions from vector and axial-vector exchanges [7], while T
is identically zero at lowest-order (LO):

S LO = 4⇡
0
BBBB@

F2
V

M2
V

� F2
A

M2
A

1
CCCCA , TLO = 0 . (2)

To compute the one-loop contributions we have used the
dispersive representation of S introduced by Peskin and
Takeuchi [7], whose convergence requires a vanishing
spectral function at short distances:

S =
16⇡

g2 tan ✓W

Z 1

0

dt
t

[ ⇢S (t) � ⇢S (t)SM ] , (3)

with ⇢S (t) the spectral function of the W3B correlator [4,
6, 7].

The calculation of T is simplified by noticing that, up
to corrections of O(m2

W/M
2
R), T = Z(+)/Z(0) � 1, being Z(+)

and Z(0) the wave-function renormalization constants of
the charged and neutral Goldstone bosons computed in the
Landau gauge [9]. A further simplification occurs by set-
ting g to zero , which does not break the custodial symme-
try, so only the B-boson exchange produces an e↵ect in T .
This approximation captures the lowest order contribution
to T in its expansion in powers of g and g0.

Requiring the W3B spectral function ⇢S (t) to vanish at
high energies channel by channel leads to a good conver-
gence of the Goldstone self-energies, at least for the cuts
we have considered. Then, their di↵erence obeys an un-
subtracted dispersion relation, which enables us to com-
pute T through the dispersive integral [4],

T =
4⇡

g02 cos2 ✓W

Z 1

0

dt
t2 [ ⇢T (t) � ⇢T (t)SM ] , (4)

with ⇢T (t) the spectral function of the di↵erence of the
neutral and charged Goldstone self-energies.

It is quite interesting to remark the main assumptions
we have done in our approach:
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Figure 1. NLO contributions to S (two first lines) and T (two
last lines). A dashed (double) line stands for a Goldstone
(resonance) boson and a curved line represents a gauge
boson.

1. Only operators with at most two derivatives have
been kept in the action. Considering the equations
of motion, field redefinitions and the high-energy
behavior of form factors is possible to find the ab-
sence of higher derivative operators [5]. Moreover,
it is known that this procedure works in the QCD
case [3].

2. Only the lightest vector and axial-vector reso-
nance multiplets have been considered. This is
known to be a good approximation since contri-
butions from higher states are suppressed by their
masses. QCD phenomenology supports this approx-
imation: the single resonance approximation [3].

3. Only contributions to the dispersive relations of
Eqs. (3) and (4) coming from the lightest two-
particle channels without heavy resonances are
going to be considered, i.e. two Goldstones or one
Goldstone plus one scalar resonance for S and the
B boson plus one Goldstone or one scalar resonance
for T . Note that from a dimensional analyses higher
cuts tend to be suppressed. Moreover, the 1/t or 1/t2

weight in the sum rules of (3) and (4) enhances the
contribution from the lightest thresholds and sup-
presses channels with heavy states [10]. V⇡ and A⇡
contributions were shown to be suppressed in a pre-
vious Higgsless analysis [6]. Again, it is known that
this procedure works in the QCD case [10].

4. Unlike what happens in QCD, the underlying theory
is not known. Therefore, although we have worked
at lowest order in g and g0, the counting is not well
defined. We only know that loops are suppressed (~
counting in the loop expansion) and that it works in
QCD in the framework of the 1/NC expansion, with
NC the number of colours.

3 Short-distance constraints

Figure 1 shows the computed one-loop contributions to S
and T . The spectral functions of Eqs. (3) and (4) are [4, 5]:

⇢S (s)|⇡⇡ = g
2 tan ✓w
192⇡2

✓
1 + �V

s

M2
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◆2
✓(s) , (5)
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SM, plus the scalar-Goldstone interactions. For ! = 1 one
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1. Only operators with at most two derivatives have
been kept in the action. Considering the equations
of motion, field redefinitions and the high-energy
behavior of form factors is possible to find the ab-
sence of higher derivative operators [5]. Moreover,
it is known that this procedure works in the QCD
case [3].

2. Only the lightest vector and axial-vector reso-
nance multiplets have been considered. This is
known to be a good approximation since contri-
butions from higher states are suppressed by their
masses. QCD phenomenology supports this approx-
imation: the single resonance approximation [3].

3. Only contributions to the dispersive relations of
Eqs. (3) and (4) coming from the lightest two-
particle channels without heavy resonances are
going to be considered, i.e. two Goldstones or one
Goldstone plus one scalar resonance for S and the
B boson plus one Goldstone or one scalar resonance
for T . Note that from a dimensional analyses higher
cuts tend to be suppressed. Moreover, the 1/t or 1/t2

weight in the sum rules of (3) and (4) enhances the
contribution from the lightest thresholds and sup-
presses channels with heavy states [10]. V⇡ and A⇡
contributions were shown to be suppressed in a pre-
vious Higgsless analysis [6]. Again, it is known that
this procedure works in the QCD case [10].

4. Unlike what happens in QCD, the underlying theory
is not known. Therefore, although we have worked
at lowest order in g and g0, the counting is not well
defined. We only know that loops are suppressed (~
counting in the loop expansion) and that it works in
QCD in the framework of the 1/NC expansion, with
NC the number of colours.
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plus the standard gauge boson and resonance kinetic
terms. We have followed the notation of Ref. [6]. The first
term in (1) gives the Goldstone Lagrangian, present in the
SM, plus the scalar-Goldstone interactions. For ! = 1 one
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1. Only operators with at most two derivatives have
been kept in the action. Considering the equations
of motion, field redefinitions and the high-energy
behavior of form factors is possible to find the ab-
sence of higher derivative operators [5]. Moreover,
it is known that this procedure works in the QCD
case [3].

2. Only the lightest vector and axial-vector reso-
nance multiplets have been considered. This is
known to be a good approximation since contri-
butions from higher states are suppressed by their
masses. QCD phenomenology supports this approx-
imation: the single resonance approximation [3].

3. Only contributions to the dispersive relations of
Eqs. (3) and (4) coming from the lightest two-
particle channels without heavy resonances are
going to be considered, i.e. two Goldstones or one
Goldstone plus one scalar resonance for S and the
B boson plus one Goldstone or one scalar resonance
for T . Note that from a dimensional analyses higher
cuts tend to be suppressed. Moreover, the 1/t or 1/t2

weight in the sum rules of (3) and (4) enhances the
contribution from the lightest thresholds and sup-
presses channels with heavy states [10]. V⇡ and A⇡
contributions were shown to be suppressed in a pre-
vious Higgsless analysis [6]. Again, it is known that
this procedure works in the QCD case [10].

4. Unlike what happens in QCD, the underlying theory
is not known. Therefore, although we have worked
at lowest order in g and g0, the counting is not well
defined. We only know that loops are suppressed (~
counting in the loop expansion) and that it works in
QCD in the framework of the 1/NC expansion, with
NC the number of colours.

3 Short-distance constraints

Figure 1 shows the computed one-loop contributions to S
and T . The spectral functions of Eqs. (3) and (4) are [4, 5]:
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From two Weinberg sum rules and from NLO loop 
expansion:

MV,  MA  ~ 2 TeV or higher is compatible with 
S,T constraints  (it is tight and arguably ambiguous)

more work needed
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with ⇢T (t) the spectral function of the di↵erence of the
neutral and charged Goldstone self-energies.

It is quite interesting to remark the main assumptions
we have done in our approach:
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Figure 1. NLO contributions to S (two first lines) and T (two
last lines). A dashed (double) line stands for a Goldstone
(resonance) boson and a curved line represents a gauge
boson.

1. Only operators with at most two derivatives have
been kept in the action. Considering the equations
of motion, field redefinitions and the high-energy
behavior of form factors is possible to find the ab-
sence of higher derivative operators [5]. Moreover,
it is known that this procedure works in the QCD
case [3].

2. Only the lightest vector and axial-vector reso-
nance multiplets have been considered. This is
known to be a good approximation since contri-
butions from higher states are suppressed by their
masses. QCD phenomenology supports this approx-
imation: the single resonance approximation [3].

3. Only contributions to the dispersive relations of
Eqs. (3) and (4) coming from the lightest two-
particle channels without heavy resonances are
going to be considered, i.e. two Goldstones or one
Goldstone plus one scalar resonance for S and the
B boson plus one Goldstone or one scalar resonance
for T . Note that from a dimensional analyses higher
cuts tend to be suppressed. Moreover, the 1/t or 1/t2

weight in the sum rules of (3) and (4) enhances the
contribution from the lightest thresholds and sup-
presses channels with heavy states [10]. V⇡ and A⇡
contributions were shown to be suppressed in a pre-
vious Higgsless analysis [6]. Again, it is known that
this procedure works in the QCD case [10].

4. Unlike what happens in QCD, the underlying theory
is not known. Therefore, although we have worked
at lowest order in g and g0, the counting is not well
defined. We only know that loops are suppressed (~
counting in the loop expansion) and that it works in
QCD in the framework of the 1/NC expansion, with
NC the number of colours.

3 Short-distance constraints

Figure 1 shows the computed one-loop contributions to S
and T . The spectral functions of Eqs. (3) and (4) are [4, 5]:
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The first term gives the (gauged) Goldstone Lagrangian,
plus their interactions with the SU(2)L+R singlet Higgs-
like particle H. For ! = 1 one recovers the H'' ver-
tex of the SM; i.e., the SM Higgs coupling to the gauge
bosons (! = a = V ). The e↵ective Lagrangian also in-
corporates the lightest vector and axial-vector resonance
multiplets Vµ⌫ and Aµ⌫ with masses MV and MA. The FV

and FA terms couple these resonances with the gauge and
Goldstone fields through f µ⌫± .

We have already seen in Eq. (9) that the LHC data
requires ! to be within 10% of its SM value. A much
stronger constraint is obtained from the measured Z and
W± self-energies [33–35], which are modified by the pres-
ence of massive resonance states coupled to the gauge
bosons. The e↵ect is characterized by the so-called
oblique parameters [36]; the global fit to electroweak pre-
cision data determines the values S = 0.03 ± 0.10 and
T = 0.05 ± 0.12 [13]. S receives tree-level contributions
from vector and axial-vector exchanges, while T is iden-
tically zero at lowest-order (it measures the breaking of
custodial symmetry).

Imposing a good short-distance behaviour of the e↵ec-
tive theory,1 the tree-level contribution to S is determined
by the resonance masses. The experimental constraint
on S implies that MV,A are larger than 1.8 (2.4) TeV at
95% (68%) CL. Thus, strongly-coupled models of EWSB
should have a quite high dynamical mass scale. While this
was often considered to be an undesirable property, it fits
very well with the LHC findings which are pushing the
scale of new physics beyond the TeV region. It also jus-
tifies our approximation of only considering the lightest
resonance multiplets. The NLO contributions to S from
'', V' and A' loops are small and make slightly stronger
the lower bound on the resonance mass scale [33].

Much more important is the presence of a light scalar
resonance with MH = 126 GeV. Although it does not con-
tribute at LO, there exist sizeable HB (H') loop contri-
butions to T (S ), which are proportional to !2 (B is the
U(1)Y gauge field). Figure 8 compares the NLO theo-
retical predictions with the experimental bounds [33]. At
68% (95%) CL, one gets ! 2 [0.97, 1] ([0.94, 1]), in nice
agreement with the present LHC evidence but much more
restrictive. Moreover, the vector and axial-vector states
should be very heavy (and quite degenerate); one finds
MA ⇡ MV > 5 TeV (4 TeV) at 68% (95%) CL [33].

These conclusions are quite generic, since only rely
on mild assumptions about the ultraviolet behaviour of
the underlying strongly-coupled theory, and can be easily
particularized to more specific models. The dilaton cou-
pling to the electroweak bosons corresponds to ! = v/ f',
which makes this scenario quite unlikely. More plausible
could be the pseudo-Goldstone Higgs identification. In the
SO(5)/SO(4) minimal models, ! = (1� v2/ f 2

' )1/2 [27, 28]
with f' the typical scale of the Goldstone bosons of the

1 One requires the validity of the two Weinberg sum rules [37], which
are known to be true in asymptotically-free gauge theories. The results
are slightly softened if one only imposes the first sum rule, which is also
valid in gauge theories with non-trivial ultraviolet fixed points.
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Figure 8. NLO determination of S and T . The grid lines corre-
spond to MV values from 1.5 to 6.0 TeV, at intervals of 0.5 TeV,
and ! = 0, 0.25, 0.5, 0.75, 1. The arrows indicate the directions
of growing MV and !. The ellipses give the experimentally al-
lowed regions at 68%, 95% and 99% CL [33].

strong sector, which is then tightly constrained by elec-
troweak (and LHC) data.

Thus, strongly-coupled electroweak models are al-
lowed by current data provided the resonance mass scale
stays above the TeV and the light Higgs-like boson has
a gauge coupling close to the SM one. This has obvious
implications for future LHC studies, since it leads to a SM-
like scenario. A possible way out would be the existence
of additional light scalar degrees of freedom, sharing the
strength of the SM gauge coupling as happens in (weakly-
coupled) two-Higgs-doublet models.

Values of ! , 1 lead to tree-level unitarity violations
in the scattering of two longitudinal gauge bosons. The
present experimental constraints on ! imply already that
the perturbative unitarity bound is only reached at very
high energies above 3 TeV. Unitarity violations could also
originate from anomalous gauge self-interactions, which
are again bounded by collider data [38]. A recent study
of the implications of unitarity in the strongly-interacting
electroweak context has been given in Ref. [39].

7 Discussion

The successful discovery of a boson state at the LHC
brings a renewed perspective in particle physics. The new
boson behaves indeed as the SM Higgs and its mass fits
very well with the expectations from global fits to preci-
sion electroweak data. Thus, the SM appears to be the
right theory at the electroweak scale and all its parameters
and fields have been finally determined. In fact, with the
measured Higgs and top masses, the SM could be a valid
theory up to the Planck scale.

However, new physics is still needed to explain many
pending questions for which the SM does not provide sat-
isfactory answers. A proper understanding of the vastly
di↵erent mass scales spanned by the known particles is
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Figure 1: Local fields Ot(x) constructed at flow time t > 0 depend on the fundamental field variables in a
region of space-time approximately 2

√
8t wide (red area). Further away from the point x, the sensitivity to

the basic fields decreases like a Gaussian and very rapidly becomes totally negligible.

The smoothing property of the gradient flow and the associated quark flow implies that correla-
tion functions of fields at non-zero flow times have no short-distance singularities. Renormalization
is nevertheless required, but turns out to be extremely simple. Explicitly, if Ot(x) is a bare, gauge-
invariant composite field at flow time t > 0 of degree n and n̄ in the quark and antiquark fields, the
renormalized field is given by

OR,t = (Zχ)
1
2 (n+n̄)Ot , (2.9)

where the renormalization constant Zχ is independent of t. In particular, the field (2.7) does not
require renormalization and the chiral densities (2.8) renormalize with the same factor Zχ .

The proof of these statements [2, 3] is based on an exact representation of the correlation
functions through a local field theory in 4+1 dimensions, the extra dimension being the flow time.
Zinn–Justin and Zwanziger [8] introduced the representation many years ago in their work on the
renormalization of the Langevin equation. In the pure gauge theory, the latter actually coincides
with the flow equation (2.1) except for the fact that it includes a noise term, which complicates the
situation and requires a renormalization of the Langevin time, for example.

3. Chiral condensate

In lattice QCD, the expectation value of the scalar density ūu+ d̄d of the up and down quarks
diverges like the second or third inverse power of the lattice spacing when the continuum limit is
taken. The divergent terms are proportional to the light-quark masses if the lattice theory preserves
chiral symmetry, but also in these cases their subtraction tends to give rise to important significance
losses or even some conceptual issues. Using the gradient flow, this problem can now be elegantly
bypassed [3].

3.1 Flow-time dependent condensate

Since the flow equations are chirally invariant, the quark field at non-zero flow times, χ(t,x),
transforms in the same way as the fundamental field ψ(x) under global chiral rotations. In particu-
lar, the light-quark chiral densities

Srst ±Prst , r,s ∈ {u,d}, (3.1)

4

In terms of the gauge field Aµ(p) lattice gauge transformations are the usual ones,

Aµ(p) ⇥ Aµ(p)� p̂µ . (3.8)

It is simple to check that both the Symanzik action and the clover observable are gauge
invariant, i.e.

Sµ� p̂� = 0

Eµ� p̂� = 0 . (3.9)

Hence both the propagator and the gradient flow require gauge fixing and a suitable gauge
fixing term is

Gµ� =
1
�

p̂µp̂� . (3.10)

The continuum flow in section 2 at finite lattice spacing and tree-level is then

dAµ(p, t)
dt

= �
⇤
Sf

µ�(p) + Gµ�(p)
⌅

A�(p, t) (3.11)

which is easy to solve,

Aµ(p, t) =
⌃
e�t(Sf+G)

⌥

µ�
A�(p, 0) (3.12)

where on the right hand side we have a matrix exponential. Remember that the path
integral is over Aµ(p, 0). Our observable is then, at tree-level,

⌅t2E(t)⇧ = g2
0t

2
⇧ �

a

��
a

d4p

(2⇥)4
Se

µ�(p)⌅Aµ(p, t)A�(p, t)⇧ . (3.13)

Substituting (3.12) into the above and using the free propagator

⌅Aµ(p, 0)A�(p, 0)⇧ =
�
(Sg + G)�1

⇥
µ�

(3.14)

we obtain

⌅t2E(t)⇧ = g2
0t

2
⇧ �

a

��
a

d4p

(2⇥)4
Tr

⇤
e�t(Sf+G)(Sg + G)�1e�t(Sf+G)Se

⌅
(3.15)

This expression will be the starting point for all what follows.
In order to expand in the lattice spacing we simply have to expand S which of course

involves expanding Sµ� and Kµ� as well as the the gauge fixing term Gµ� .
Note that since generally cf ⇤= cg the two exponentials in (3.15) cannot be combined

because Sf and Sg do not commute. The expansions and further calculations are simplest
with the choice � = 1 but of course the final result should be �-independent. We have
checked this for all the final correction coe�cients explicitly and it is easy to see that
�-independence holds to all orders.

Another cross-check we performed is the numerical evaluation of the integral (3.15).
The lattice momentum integrals are replaced by sums and if the sum is over su�ciently

– 4 –

gradient flow and gauge dependent renormalized coupling in chiral limit

We presented to scale dependent running 
coupling methods at Lattice 2014 
both are gradient flow based
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XENON100 [1207.5988], expect ⇡ 1 event
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Dark matter •lattice BSM phenomenology of dark matter
  pioneering LSD work

• dark matter candidate  sextet Nf=2
   electroweak active in the application

• there is room for third heavy fermion 
   flavor as electroweak singlet

•  rather subtle sextet baryon  ~ 3 TeV
   construction (symmetric in color)
   

Dark matter
self-interacting?  
O(barn) cross section would be challenging

The Total Energy of the Universe:
Vacuum Energy (Dark Energy)  ~  67 %
Dark Matter                                ~  29 %
Visible Baryonic Matter              ~    4 %

T. Appelquist, R. C. Brower, M. I. Buchoff, M. Cheng, S. D. Cohen
,
 G. T. Fleming, J. Kiskis, M. F. Lin, E. T. Neil, J. C. Osborn, C. Rebbi, D. Schaich, C. Schroeder

,
 S. Syritsyn, G. Voronov, P. 

Vranas, and J. Wasem
 
 (Lattice Strong Dynamics (LSD) Collaboration) 

LSD

• Nf=2   Qu=2/3 Qd = -1/3
   udd neutral dark matter candidate

Early universe and the sextet model?
Kogut-Sinclair work consistent with finite temperature χSB phase transition
Relevance in early cosmology? (order of the phase transition?)
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Summary and Outlook
  

Simplest composite scalar is light near conformality  
   
      light scalar (dilaton-like?) emerging            close to conformal window?

      running (walking) coupling in progress       gradient flow deployed

      chiral condensate                                        new method is promising

      spectroscopy                                               emerging resonance spectrum  ~ 2-3 TeV

      dark matter                                                  implications are intriguing
                                                                          strong self-interactions?
      Tuning with third flavor ?

We have a candidate for the minimal Higgs impostor 

Can we make it fail?



Congratulations and best wishes Mike! 

We will need your wise councel in the future! 


